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SUMMARY 
[ENGLISH] My research project consists of two experiments focused on intertidal assemblages of 
algae and invertebrates on rocky shores.  
Spatial patterns of species distribution, abundance and diversity are generally ascribed to spatial 
variation in physical (e.g., disturbance) or biological (consumers, competition) processes. 
Conversely, Self Organized Criticality (SOC) theory proposes that local interactions between biotic 
and abiotic processes can strongly influence the large-scale properties of ecosystems and, 
consequently, spatial patterns would arise from interactions between organisms and the micro-
environment. This model was examined in a wave-disturbed intertidal system dominated by 
Cystoseira compressa on rocky shores in the NW Mediterranean. Removal of Cystoseira was done 
creating two types of disturbance that simulate wave action effect on algal assemblages.   
In the second experiment, it was examined how the variation of biodiversity (composition, specific 
richness and relative abundance of species) influences the capacity of assemblages to respond to 
extreme climate events, like peak in air temperature. Thermal stress events were applied to the 
experimental panels bearing different assembled species as pulse heat stress created by low-power 
propane heaters. In this experiment, the resistance and resilience of assemblages in response to 
different degrees of induced thermal stress will be evaluated regarding the community dynamics. 
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RIASSUNTO 
[ITALIAN] Il mio lavoro di tesi diversi consiste in due esperimenti ed è condotto su popolamenti 
ad alghe e invertebrati di costa rocciosa. 
I pattern spaziali di distribuzione delle specie, l'abbondanza e la diversità sono generalmente 
ricondotti alle variazioni spaziali di processi abiotici (il disturbo meccanico) o biologici 
(predazione, competizione). In contrapposizione, la teoria della Self organized Criticality propone 
che siano le interazioni locali tra processi biotici e abiotici ad avere influenza sulle proprietà a larga 
scala degli ecosistemi. Questo modello è analizzato in un ambiente di battigia di costa rocciosa 
dominato da Cystoseira compressa. Rimuovendo sperimentalmente la Cystoseira sono state create 
due tipologie di disturbo che simulano l'azione delle onde su questi popolamenti.  
Il secondo esperimento esamina come la variazione di biodiversità influenza la capacità dei 
popolamenti a rispondere a eventi climatici estremi, come l'aumento della temperatura dell'aria. 
L‘esperimento simula uno stress termico applicato mediante un riscaldatore a propano a pannelli 
sperimentali che portano assemblaggi di specie differenti. In questo esperimento, la resistenza e la 
resilienza dei popolamenti in risposta a differenti livelli di stress termico indotto sono state 
indagate. 
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1.1 The disturbance: natural vs antropic 
In the last decade, the effects of human activities on natural systems have rapidly captured 
the attention of general public and have become very popular outside the scientific community. 
Humans have extensively altered the global environment, changing biogeochemical cycles, 
transforming land and enhancing the mobility of biota. In the past three centuries, deforestation and 
fossil fuel combustion have increased by 30% the concentration of atmospheric carbon dioxide 
(CO2) and the introduction of other gases that contribute to climate warming. Furthermore, climate 
model projections indicate that the global surface temperature is likely to rise a further 1.1 to 6.4 °C 
during the 21st century. Run off of nutrients from agricultural and urban systems has increased 
several fold in the developed river basins, causing major ecological changes in estuaries and costal 
zones (Chapin III et al. 2000). Land surface precipitation has also increased since the beginning of 
the 20th century in the mid - to high latitudes, but shows a decrease in Mediterranean areas, and 
some tropical and sub-tropical latitudes (Easterling et al. 2000). Given that atmospheric water-
holding capacity is expected to increase roughly exponentially with temperature – and that 
atmospheric water content is increasing in accord with this theoretical expectation – it has been 
suggested that human-influenced global warming may be partly responsible for increase in heavy 
precipitation (Min et al. 2011). Understanding and planning for the ecological impacts of global 
change constitute an urgent necessity for scientists, managers and policy-makers alike (Lubchenco 
1998).  
Modifications of climatic variables through human activities can cause drastic changes in 
natural assemblages (Hughes 2000, Walther et al. 2002). Spatial and temporal patterns of diversity 
in natural communities are central themes in classical natural history as well as in contemporary 
theoretical ecology (Hubbell 2001). Throughout history the magnitude of existing biological 
diversity and its heterogeneous distribution have continuously challenged ecologists to develop and 
test models to explain patterns at a multitude of temporal and spatial scales, using increasingly more 
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complex models (Connell 1978, Huston 1994, Hubbell 2001). Some of these models have been 
based on biological interactions (e.g., Fischer 1960, Paine 1966, Menge and Sutherland 1987), 
while others have primarily focused on abiotic processes (e.g., Hutchinson 1961, Levin and Paine 
1974, Connell 1978, Paine and Levin 1981). 
Many of these ideas rely on disturbances to disrupt the effects of biological interactions on 
diversity. There is also a range of definitions of what constitutes an actual disturbance. Grime 
(1977) defined disturbance as partial or total destruction of biomass. Sousa (1984) extended this 
definition: ― a disturbance is a discrete, punctuated killing, displacement, or damaging of one or 
more individuals (or colonies) that directly or indirectly creates new opportunity for new 
individuals (or colonies) to become established.‖ Pickett and White (1985) included environmental 
fluctuation and destructive events in their definition that must be applicable in a wide variety of 
system; it must allow for the fact that ―disturbance‖ is relative to the spatial (organism size) and 
temporal (organism lifespan) dimension of the system at hand. 
A variety of abiotic (e.g., fire, wind, wave action, and temperature) and biotic factors (e.g., 
grazing, predation, and trampling) may act as agents of disturbance, depending on the specific 
properties of the particular ecological system. The change caused by any force can vary from 
negligible to extreme, depending on the intensity of the force and the vulnerability of the target 
organisms. The response of perennial species to regular seasonal change in the physical 
environment is a case in point. When temperatures or rainfall oscillate close to their long-term 
seasonal averages, organisms respond physiologically and/or behaviorally to ameliorate possible 
negative effects of the change (Sousa 1984). With more extreme seasonal fluctuations in the 
physical environment, the limits of effective physiological or behavioral response are exceeded. At 
first, this may cause reductions in growth and reproduction, but if the stress becomes severe enough, 
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The impact of biological agents of disturbance seems generally similar to that of physical 
agents. Organisms are killed, thereby creating opportunities for recruitment. The timing of 
biological disturbance, however, is probably subject to a somewhat more complex set of controls. 
Rates of predation depend on the functional, numerical, and developmental responses of the 
predator. The responses, in turn, are influenced by the physical environment, habitat complexity, 
presence of alternate prey, availability of prey refuges, and the impact of higher level predators and 
parasites (Sousa 1984).  
Disturbance is both a major source of temporal and spatial heterogeneity in structure and 
dynamics of natural communities and an agent of natural selection in the evolution of life histories 
(Denny et al. 2009). Furthermore, disturbance has an important influence on ecosystem level 
processes such as primary and secondary production, biomass accumulation, energetic and nutrient 
cycling. In forests, for instance, fire disturbance sometimes causes a net increase in the amount of 
soil nitrogen available to early colonizers. It is probably not coincidental that the seeds of a number 
of pioneer plant species germinate in response to high levels of soil nitrates (Sousa 1984). 
 
1.2 Disturbance and distribution of assemblages of rocky shore 
1.2.1 Wave action 
In marine and freshwater environments, thermal stress due to aerial exposure and 
disturbance by wave is a principal force that acts on sessile organism. In addition, suspended 
particulate matter (sediment) or larger objects transported by the moving water may strike and 
abrade the substratum over which the water flows.  The influence of moving water has been studied 
in marine habitat, particularly in intertidal rocky shore and tropical coral reefs (). Wave action is a 
principal agent of disturbance on assemblages of algae and invertebrates of intertidal habitats on 
rocky shores. The regime of wave action varies in the space and time and is influenced by physical 
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and biological components of these environments. Wave energy is maximal during seasons of high 
storm activity. The frequency of disturbance is also strongly influenced by the physiological and 
morphological characteristics of the organisms in question and the properties of the substratum to 
which the organisms are attached. The risk of damage or death by a given wave force varies among 
species that differ in shape, flexibility, or internal structure, among other factors. For example, tree 
or bush-like corals (e.g. Acropora spp.) are more susceptible to wave action than mound or sheet-
like corals. Similarly, some aggregations of sessile organism become more vulnerable to disruption 
as their individual members increase in size and number. Dense, multilayered beds of Mytilus 
californianus are less stable and more likely to be torn from the rock surface by wave forces than 
less dense, single-layered beds (Pain and Levin1981; Menge and Sutherland 1986). In some aquatic 
habitats, the stability of substratum directly determines the rates of disturbance. In streams and on 
the seashore, strong water motion overturns loose rocks, damaging the attached organisms. The 
frequency of this kind of disturbance declines with rock size (Souza 1979). The size of the areas 
disturbed by wave action varies considerably. Patches cleared in mussel beds during stormy winter 
months and at more exposed sites are much larger on average than those created during summer 
months or at sheltered site. In both systems, the rate of disturbance differs from one year to the next, 
reflecting annual variation in the intensity and frequency of the storms (Sousa 1984). Within any 
particular habitats, a variety of agents operate independently or contemporaneously to generate the 
overall regime of physical disturbance to witch organisms respond. The heterogeneity of natural 
disturbance regimes is due, in part, to local variation in the intensity, timing, and spatial distribution 
of potentially disturbing forces. Increasing size and/or age decreases the risk of damage or death 
from some forces (e.g. intertidal organisms from desiccation stress; coral colonies from sediment 
burial) but increases vulnerability to others (e.g. larger intertidal organisms and branched corals to 
wave forces). Vulnerability to a given force is also species- and assemblage-specific. Not 
uncommonly, the vulnerability of a community to disturbance changes over the course of 
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succession, owing to differences in the physiology, morphology, or growth habit of the species 
characteristic of each stage. Propagules of sessile organisms, be they sexually or asexually produced 
(Connel 1984), are rarely able to invade and become established in areas densely occupied by other 
organisms (Clark and Johnston 2009). Resident organisms inhibit recruitment from propagules by a 
variety of mechanisms. Occupants may consume the dispersed propagules, as in some assemblages 
of sessile, suspension-feeding invertebrates (Connel 1984), or the residents may simply have 
preempted the available space. In other cases, residents modify site conditions in ways that inhibit 
the germination or metamorphosis of those propagules that do reach the substratum. They may 
release toxic chemicals (allelopathy) or reduce the supply of essential resources such as food, light, 
nutrients, and water (Sousa 1984). Physical disturbance is one of the major mechanisms that break 
this inhibition and generate conditions favorable for recruitment, growth, and reproduction. 
Disturbances not only reduce or eliminate the cover of resident organisms, thereby lessening 
competition for resources that are present on the site, but in some cases they indirectly replenish 
some of the depleted nutrients. In addition, the disturbance may eliminate toxic chemicals that have 
accumulated in or on the substratum.  
1.2.2 Thermal stress 
Modifications of climatic variables through human activities can cause drastic changes in 
natural assemblages (Kappelle et al. 1999, Hughes 2000, Walther et al. 2002). Intertidal 
assemblages on rocky shores are particularly vulnerable to changes in climate variables (Raffaelli & 
Hawkins 1996). The intertidal zone, the interface between marine and terrestrial environments, has 
long served as a model for examining the effects of climate on species distributions (Connell 1972) 
and may also prove an excellent model for the effects of climate change on species distributions 
(Harley et al. 2006, Helmuth et al. 2006). The upper zonation limits of many rocky intertidal 
organisms are thought to be set by some aspect of thermal or desiccation stress related to aerial 
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exposure at low tide (Bertocci et al. 2005), and organisms living in this habitat have been shown to 
exist at or near the edges of their thermal tolerance limits (Davenport and Davenport 2005). 
Thermal fluctuations and desiccation due to aerial exposure can drastically affect spatial and 
temporal patterns in assemblages (Dayton 1971, Denny 1988). Underlying mechanisms include 
photoinhibition (Davison et al. 1993), and thermal (Schonbeck & Norton 1978) and osmotic 
stresses (Hawkins & Jones 1992). These effects can be exacerbated by climate events such as global 
warming and storminess (Navarrete et al. 1993, Barry et al. 1995, Sanford 1999), which in turn can 
affect biological interactions (Bertness & Leonard 1997, Bertness et al. 1999, Molina-Montenegro 
et al. 2005).  
The intertidal zone is a model habitat for exploring the effects of climate, and climate 
change, on natural communities (Sagarin et al. 1999, Helmuth et al. 2006). Intertidal organisms are 
exposed to large fluctuations in climate variables (Hawkins & Jones 1992, Raffaelli & Hawkins 
1996). Climate events such as global warming, storminess and precipitation can drastically 
modulate the effects of these abiotic factors (Navarrete et al. 1993, Barry et al. 1995, Sanford 1999, 
Hughes 2000). The influence of these factors on intertidal assemblages is expected to increase in the 
near future according to the environmental scenarios predicted by several models of climate change. 
In particular, there are indications that the frequency, intensity and variability of extreme events 
such as storms (Emanuel 1987, Raper 1993, Michener et al. 1997, Muller & Stone 2001), droughts 
and floods (Easterling et al. 2000a,b) will increase as a consequence of climate change. 
In many cases, however, our understanding of how the physical environment, and in 
particular aspects of climate, may limit the distribution of organisms is limited by our rather poor 
understanding of how physiologically relevant environmental factors vary in space and time (Hallett 
et al. 2004). In particular, we often know little of how "climate" is translated into patterns of body 
temperature, especially at spatial and temporal scales relevant to organisms (Helmuth 2002). Recent 
14 
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studies have emphasized that physical environment can vary on scales not only highly complex but 
often counterintuitive (Helmuth & Denny 2003; Denny 2004). The body temperature of ectothermic 
organisms is often quite different from the temperature of the surrounding air or substratum 
(Stevenson 1985, Huey et al. 1989). Subsequently, two organisms exposed to identical climatic 
conditions can experience markedly different body temperatures and thus very different levels of 
physiological stress, even when physiological responses to temperature are similar. Thus, patterns 
of organism temperature can vary over a wide range of temporal and spatial scales, even when 
broad-scale climatic patterns appear far simpler (Gilman et al. 2006). Moreover, physiological 
responses to fluctuating temperatures are often complex, and simple metrics such as average 
temperature may not be a sufficient indicator of physiological stress (Buckley et al. 2001, Halpin et 
al. 2004a). The body temperature of intertidal invertebrates and algae at low tide is a crucial 
determinant of organism survival and performance (Somero 2002, 2005). Many studies have 
documented that the la production of heat shock proteins occur after exposure to temperatures 
experienced during low tide (Somero 2002, Tomanek 2002, Tomanek and Sanford 2003) and that 
the production of these proteins exerts a metabolic cost (Iwama et al. 1998). Water temperature has 
also been shown to be an important limiting environmental factor, affecting rates of feeding 
(Sanford 1999, 2002), larval mortality, and reproductive success (Hoegh-Guldberg and Pearse 
1995). It may also influence the body temperature of intertidal organisms during low tide by setting 
the initial temperature following emersion, and by influencing rock temperature (Wethey 2002, 
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1.3 Intermediate Disturbance Hypothesis (IDH) 
Numerous studies have assessed the impacts of various types and intensities of disturbance 
on benthic communities (Schratzberger and Warwick, 1999; Huxham et al., 2000; McCabe and 
Gotelli, 2000). These have established that benthic communities show a wide range of responses to 
disturbance, and that these responses can vary depending on the frequency and intensity of 
disturbance. One important conceptual formulation of the effects of natural disturbances on 
diversity is the intermediate disturbance hypothesis, IDH (Connell 1978). The IDH predicts that 
diversity will be large at intermediate rates of disturbance and smaller at higher and lower rates of 
disturbance. The rationale for this idea is that at low rates of disturbance strong competitors exclude 
competitively inferior species and communities are dominated by a few species. Intermediate rates 
of disturbance, however, disrupt competitive hierarchies by increasing rates of mortality and thus 
making free space available for recruitment of competitively inferior species. At successively 
higher rates of disturbance, recruitment cannot balance the high rates of mortality, and slow 
recruiting species disappear from the community. Many studies now suggest that intermediate 
disturbance levels can enhance diversity. For example, intermediate levels of windfall, fire, and 
animal digging in the soil enhance terrestrial plant diversity (Sousa 1984). 
Similarly, wave disturbance, rolling boulders, and consumers enhance the diversity of sessile 
intertidal organisms (Paine 1966; Dayton 1971; Lubchenco 1978; Sousa 1979; Paine and Levin 
1981; Dethier 1984). Although the intermediate disturbance hypothesis seems well supported in 
some studies, it has not fared well in all settings. For example, experimental studies of freshwater 
invertebrates have generally failed to uncover important effects of disturbance of species diversity 
(Reice 1984, 1985; Robinson and Minshall 1986; Death and Winterbourn 1995). 
The IDH was predicted by models of competing species at a single trophic level but did not 
hold in consideration  many situations with more natural trophic structure. In general, basal species 
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in a food web tend to follow the IDH, whereas competitors at top levels do not (REF). Instead, 
individual and assemblage of species with high resistance to disturbance events and invasion to non 
native species show maximum value of dominance e minimum of diversity at intermediate levels of 
disturbance, a result exactly the opposite to IDH (Petraitis et al.1989).   
In response to observations that did not appear consistent with the IDH, Huston (1979) suggested 
that the relationship between disturbance and diversity depends on the level of productivity. Using a 
dynamic equilibrium model (DEM), Huston suggested when productivity is increased, and thus 
growth rates of individuals and populations, a more severe disturbance is required to prevent 
competitive exclusion. As a consequence, maximum diversity is observed at lower intensities of 
disturbance when productivity is low, compared to when productivity is high. The shape of the 
relationship between disturbance and diversity may therefore be of three general types: 
monotonically decreasing (at low productivity), unimodal (when productivity is intermediate), and 
monotonically increasing (when productivity is high). These three types of relationships have been 
observed in various habitats (Mackey and Currie 2001), but explicit manipulative studies 
demonstrating the interactive effects of disturbance and productivity are scarce (Rashit and Bazin 
1987, Widdicombe and Austen 2001). One pioneering test in marine rocky environments is the 
study by Worm et al. (2002), who observed interactive effects of nutrient enrichment and 
disturbance (grazing by mesoherbivores) on algal diversity, which they found consistent with those 
predicted by the DEM.  
 
1.4 Frequency vs intensity 
Disturbance plays a critical role in influencing the patterns of distribution, abundance, and 
diversity of species (Paine and Levin 1981, Sousa 1984). Increasing the intensity of disturbance 
often imposes larger rates of mortality to individual organisms or colonies, but also releases 
resources that can enhance the local density of populations (Connell 1978, Huston 1979, 1994, 
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Connell et al. 1997). The response of individual species to disturbance is therefore determined by a 
tension between increased mortality (or emigration) and new opportunities of colonization 
(immigration) due to the availability of fresh resources. Temporal variation in disturbance can affect 
the outcome of these contrasting forces. For example, the timing of occurrence of disturbance with 
respect to the periods of reproduction and recruitment of organisms can have drastic effects on the 
ability of populations to colonize (Dayton et al. 1984, Benedetti-Cecchi 2000a). The spatial extent 
of disturbance is also important in dictating the success of colonization. Disturbed patches that 
differ in size and degree of isolation from undisturbed areas can be colonized by species with 
distinct competitive and dispersal capabilities (Keough 1984, Shumway and Bertness 1994). Few 
studies have examined the effects of intensity, temporal variation, and spatial extent of disturbance 
simultaneously (McCabe and Gotelli 2000). In addition, while many theoretical and empirical 
studies have investigated the effects of disturbance on diversity (Mackey and Currie 2001), 
comparably fewer studies have examined how variable regimes of disturbance affect temporal 
fluctuations in populations and assemblages (Collins 2000). A common approach to the study of 
disturbance is the manipulation of the frequency of events (Collins 2000, McCabe and Gotelli 
2000). Frequency has disadvantage of confounding intensity with temporal variation, increasing the 
frequency of disturbance shortens the interval of time between subsequent events. 
One of the greatest challenges for the study of disturbances is the degree of temporal variability 
inherent both within and among individual perturbation events (White and Jentsch 2001; Benedetti-
Cecchi 2003; García Molinos and  Donohue 2010). Different attributes of disturbances, including 
their frequency (McCabe and Gotelli 2000) and duration (García Molinos and Donohue 2009), have 
commonly been used in perturbation experiments to define their temporal pattern. Conversely to 
some early studies (e.g. Robinson and Sandgren 1983), recent investigations on the effects of 
temporal variability of perturbations have traditionally been approached by varying disturbance 
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frequency (REF). However, the adequacy of frequency as a descriptor of temporal variability is 
limited by the fact that varying the frequency of disturbances alters both the number of events per 
unit time and the overall intensity associated with the disturbance regime. Frequency is the number 
of events per unit of time or space. Evaluating the effects of changing the frequency of a process on 
some response variables inevitably involves contrasts between spatial or temporal extents that differ 
in the number of times an event has occurred. The frequency of a process over explicit temporal 
scales is a measure of variability, but it confounds the temporal variance of a process with its mean 
effect size (or intensity). In an study that simultaneously examined the influence of frequency, 
intensity, and spatial extent of disturbance on macroinvertebrates colonizing artificial substrata in 
streams (McCabe and Gotelli 2000), temporal variability was imposed by abrading the substratum 
once or twice a week. Two different levels of intensity were applied for each frequency in an 
orthogonal design: (1) low intensity (by abrading the substratum with a wire brush) and (2) high 
intensity (by scraping with a paint scraper). This design was not appropriate to separate the effects 
of temporal variability from that of intensity of disturbance, because treatments exposed to different 
frequencies of disturbance also differed in terms of the total number of scrapings (and therefore 
overall intensity) imposed during the course of the experiment. Increasing the frequency of 
disturbance shortens the interval of time between subsequent events, but also exposes assemblages 
to a larger number of disturbances over the time scale of the study, compared to treatments 
maintained under low frequency of disturbance. Hence, both overall intensity and temporal 
patterning of disturbance change with frequency and the relative contribution of each trait remains 
unknown (Benedetti-Cecchi 2003). To separate the intensity variation effects from temporal 
variability a suitable experimental design is needed so that variance and frequency could be 
distinguished. This prompted Benedetti-Cecchi (2000, 2003) to propose a new framework for the 
experimental analysis of  the spatio-temporal variability of disturbance processes, which has led to 
further research into the subject (Bertocci et al. 2005; Benedetti-Cecchi et al. 2006).   
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2.1 INTRODUCTION 
2.1.1 Criticality and disturbance 
Many natural ecosystems are characterized by different spatial patterns. Recent studies have 
demonstrated that organisms distribution does no simply follow landscape features, but complex 
interaction between ecological and physical processes is a principal explanation for the observed 
landscape patterns (Guichard et al. 2003, van de Koppel et al. 2005, 2008, Rietkerk et al. 2004). 
Spatial self organization is the process where a large scale ordered spatial patterns emerge from 
disorder initial conditions through local interactions. This process is key to understanding 
ecological stability and diversity (Sole and Bascompte 2006).   
Ecological systems can exhibit threshold behavior with sudden shifts between states (Scheffer and 
Carpenter 2003). These shifts are characterized by important changes in population abundance and 
species diversity, and their prediction has become an important focus of ecological science. 
Threshold behavior originates from the sensitivity of ecological systems to factors controlling their 
dynamics, and therefore implies a high sensitivity to environmental perturbations (Scheffer and 
Carpenter 2003). One theoretical concept of relevance to this type of dynamics is the criticality. In 
statistical mechanics, the state of a system is said to be critical if poised at a phase transition. Many 
phase transitions have a critical point associated with them, which separates one or more phases 
(Rietkerk et al. 2004). As a system approaches a critical point, large-scale structures appear despite 
the fact that the system is driven only by local interactions. Of particular relevance when evaluating 
the occurrence of these phenomena in nature are the spatial patterns that develop near these critical 
points of transition. Patchiness develops from local interactions in the complete absence of an 
underlying blueprint, and exhibits the signature of a complete lack of characteristic, or dominant, 
spatial scale (Rietkerk et al. 2004). Such patterns have been described for intertidal mussel beds 
(Guichard et al. 2003) and for wind-disturbed (Kizaki and Katori 1999) and fire-disturbed 
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(Malamud et al. 1998) forests in nature, within the practical limits of a finite range of scales. n 
particular, the size distribution of gaps, or that of clusters of trees or mussels, exhibits power-law 
behavior, with patches of all sizes present and no dominant size. Power law is a function y = f(x) 
where the dependent variable y varies as a power of the independent variable x (i.e. y = Ax-a, where 
A is a proportionality constant and a is a scaling exponent). Power laws are linear functions when 
the logarithm of both dependent and independent variables are taken. Thus, the concept of criticality 
lies at the interface of two important subjects in ecology, threshold behavior and patchiness.  
Most ecological examples of criticality pertain to natural and model systems that incorporate 
disturbance, whether abiotic, such as fires in forests and wave action in the rocky intertidal zone, or 
biotic, such as disease and predation (Guichard et al. 2003, Rhodes and Anderson 1996). 
Disturbance, broadly defined to include biological and physical processes, is fundamental to 
ecological dynamics, affecting population persistence and species coexistence in dynamic habitats 
(Guichard et al. 2005). Although mathematical models of complex systems that incorporate 
processes of disturbance and recovery are known to exhibit different classes of criticality, the 
specific ecological mechanisms underlying these differences are not sufficiently recognized. Small 
differences in the local nature of disturbance and recovery, and in the relative temporal scale of 
these processes, lead to striking differences in dynamical properties, including the sensitivity to 
perturbations and the size distribution of temporal change. Pascal and Guichard (2005) argue that 
observable properties of patchiness in critical systems, such as spatial power laws and 
connectedness, are not sufficient to identify these differences. Instead, properties of the processes of 
disturbance and recovery themselves must be considered to infer properties of the temporal 
dynamics, and in particular, the possibility of threshold behavior. They reviewed the different types 
of critical behavior currently known in ecological systems that incorporate disturbance, including 
predation, disease and abiotic processes. They used examples from spatial stochastic models, and 
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the systems in nature for which they were proposed, to illustrate three general classes of behavior 
regarding criticality and associated patterns of spatial self-organization, and to establish both the 
specific ecological processes underlying these differences and their dynamical consequences.  
 
2.1.2 Classes of criticality 
Different types of disturbed systems can be distinguished according to their sensitivity to 
changes and therefore, in their response to external perturbations and environmental change. There 




Wind-disturbed tropical forests have been described as critical systems (Katori 1998, Kizaki 
and Katori 1999), and viewed as a landscape of trees and gaps corresponding to occupied and 
unoccupied sites. In real forests, a scale-invariant distribution of tree cover has been observed, 
suggesting the existence of a critical point. In the corresponding models, disturbances create gaps in 
the forest at a rate that is only a function of the number of neighboring sites that are themselves a 
gap (Bell et al. 1999). Thus, local tree density in the neighborhood of a single individual determines 
its susceptibility to wind disturbance. A shift in state is observed at a critical point, from a persistent 
forest to complete extinction. A similar regime has been used in models of wave disturbance in 
intertidal mussel beds (Guichard et al. 2003), and for biotic disturbance in predator–prey intertidal 
systems (Robles and Desharnais 2002). As for abiotic disturbance, predators (in this case lobsters) 
can cause the transition of the mussel bed to an empty site by attacking from the edge at any spatial 
location, as a function of the proportion of neighboring sites that are empty. The mussel bed 
collapses when predator efficiency increased above a critical value. In all these systems, disturbance 
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intensity only depends on the local density of susceptible individuals. This means that the mobility 
of the disturbance agent (the wind or lobsters) is fast or large scale compared with the recovery 
process (tree or mussel colonization) and, therefore, the distribution of the disturbance itself is well 
mixed over the whole system. A spatial (lattice) model to represent this disturbance regime would 
require only two states: occupied or empty. In this case, disturbance itself is not a state, but is 
instead determined by the local structure (configuration of trees).  
Spatially explicit dynamics can be implemented as lattice models with space represented as a grid 
comprising discrete locations or cells. Each cell is in one of a set of possible states representing 
local space occupancy. Lattice models for disturbance–recovery systems differ in the number of 
states, reflecting different assumptions about these processes and implying fundamentally different 
dynamics (Pascual and Guichard 2005). Well-mixed disturbance dynamics can be implemented as a 
two-state model in which susceptibility to disturbance is determined by the local density of 
individuals. For disturbance regimes that are not well mixed and are distributed in space, we need to 
define a disturbed state that spreads into occupied sites and has a limited life span that is 
independent from the recovery process. The local distribution of organisms is not sufficient to 
determine susceptibility to disturbance, and we need to adopt at least three states.  
 
Self Organized Criticality 
With the study of simple physical systems but also of forest fires and epidemics, a more 
robust explanation for the emergence of such scale-free patterns in nature was proposed with the 
related phenomenon of Self Organized Criticality (SOC) (Bak 1996). In SOC, there is no sudden 
shift in relation to environmental perturbations, and no fine-tuning of parameters to particular 
values is required for scale invariance; that is, parameters do not need to be at a critical point. 
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Independently from specific rates of growth (e.g. new trees) and of disturbance (e.g. new fires), the 
system takes itself to the critical state through its own dynamics and a slow external forcing. Bak, 
Chao Tange and Kurt Wiesenfeld (1987) introduced the concept of SOC and they explained this 
model with a simple example: the sand pile model. In the beginning to the build of sand pile, the 
pile is flat, and the individual grains remain close to where they land. The flat state represents the 
general equilibrium state. This state has the lowest energy, since obviously we would have to add 
energy to rearrange the sand to form heaps of any shape. As we continue to add more sand, the pile 
becomes steeper, and small or big avalanches of sand occur. The grain may land on top of other 
grains and topple to a lower level. This may in turn cause other grains to topple. The addition of a 
single grain of sand can cause a local disturbance, but nothing dramatic happens to the pile. In 
particular, events in one part of the pile do not affect sand grains in more distant part of the pile. As 
the slope increases, a single more grain is likely to cause other grains to topple. Eventually the slope 
reaches a certain value and cannot increase any further, because the amount of sand added is 
balanced on average by the amount of sand leaving the pile by falling off the edges. This is called 
stationary state, since the average amount of sand and the average slope are constant in time. It‘s 
clear that to have this average balance between the sand added to the pile in the center and the sand 
leaving alone the edges, there must be ‗communication‘ throughout the entire system. There will 
occasionally be avalanches that span the whole pile. This is the Self-Organized Criticality (SOC) 
state. The addition of grains of sand has transformed the system from a state in which the individual 
grains follow their own local dynamics to a critical state where the emergent dynamics are global. 
In the stationary state, there is one complex system with its own emergent dynamics. The 
emergence of sand pile could not be anticipated from the proprieties of the single grains.  
Forest-fire models (FFM) have been used as a prototype of SOC (Clar et al. 1997, 1999,  
Boer et al. 2008). In these models, a low rate of new disturbances is introduced by lighting. The 
25 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
propagation of fire is local and occurs from a burning site to a neighboring site occupied by trees. 
Recovery represents the re-colonization by trees and can occur anywhere in space in the empty 
sites. Power laws consistent with forest-fire model dynamics have been described for the observed 
size distribution of fires (Malamud et al. 1998). In SOC, scale invariance is observed for a wide 
range of parameter values that require no fine-tuning to a single critical point. Instead, a double 
separation of temporal scales is needed to generate power law in the spatial and temporal patterns. 
Intermittent temporal fluctuations result from the slow accumulation and quick release of 
abundance (or energy). The slow accumulation of susceptible individuals through growth leads to 
enhanced connectedness among clusters and therefore, to a higher susceptibility to disturbance at 
the whole system level. By contrast to wind disturbance (classic criticality), fire disturbance cannot 
be assumed to be well mixed over the forest. Rather, the susceptibility to disturbance of any tree 
depends on its proximity to a recently disturbed tree. A burning tree has a limited burning time, and 
is replaced by a gap after it is completely disturbed. Thus, in this second class of critical systems, 
the disturbance agent has a limited lifespan and spatial distribution, which are independent from its 
neighborhood configuration. Susceptibility then depends not only on the local density of the 
susceptible state, but also on the local density of the disturbance agent. In this case, disturbance is 
spatially distributed or heterogeneous, and needs to be represented explicitly as a state, resulting in 
a system with at least three states.  
For some systems, such as FFM, criticality has been shown to occur over a wide range of 
parameter values rather than requiring any fine tuning of parameters that characterize phase 
transitions (Malamud et al. 1998; Clar et al. 1999). This phenomenon has been referred to as self-
organized criticality (SOC) and has been of interest in ecology to explain the observation of scale 
invariance in ecological systems (Sole and Manrubia 1995a, 1995b; Rohani et al. 1997; Kizaki and 
Katori 1999). Guichard and collaborators argued that this class of system can describe wave-
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disturbed mussel beds. Mussels are disturbed by strong waves, mostly during winter, that create 
gaps in the mussel beds (Paine and Levin 1981; Menge and Sutherland 1987). These gaps are 
colonized by subdominant species that facilitate or precede recruitment by M. californianus. 
Because the number of successional species is high, which can complicate spatially explicit models, 
they viewed succession from gaps to mussel bed as the transition between discrete community 
elements or functional groups. The simplest functional grouping is to define space as being empty 
or occupied by a mussel bed (mussels and associated species). When a gap is created by wave 
action, edges of the gap consist of mussels that lost their byssal thread attachment to some of their 
neighbors and to the substratum. As a consequence, edges of a newly formed gap are temporarily 
unstable and more susceptible to disturbance than are other areas of the bed (Denny 1987). Local 
disturbance can then be implemented by defining disturbed areas as newly created gaps that have 
unstable edges from which wave disturbance can spread. Although mussels may recruit into both 
bare space and existing bed, the importance of conspecific density has been shown for mussel 
recruitment, survival, and growth (Svane and Setyobudiandi 1996, Helmuth 1998). Additionally, 
recolonization immediately following disturbance is primary due to the lateral movement of adult 
mussels into bare space (Paine and Levin 1981). Local disturbance can then be implemented by 
defining disturbed areas as newly created gaps that have unstable edges from which wave 
disturbance can spread. Although mussels may recruit into both bare space and existing bed, the 
importance of conspecific density has been shown for mussel recruitment, survival, and growth 
(Svane and Setyobudiandi 1996, Helmuth 1998). 
  
Robust criticality 
In marine rocky intertidal zones, mussels are often the dominant competitors for space, a 
key limiting resource. Gap formation resulting from wave disturbance and recovery through mussel 
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recruitment into gaps can constitute the dominant dynamical processes in high energy environments 
(Paine and Levin 1971). The recovery of the disturbed population is often a local process, limited 
by the reproduction and dispersal ability of susceptible individuals, or by local density dependence 
in the success of recolonization. Localized recovery contrasts with tree growth in the forest-fire 
model, a density-independent and non-spatial process in which individuals recolonize empty areas 
at random locations. A recent model for the intertidal zone assumes that disturbance spreads as long 
as mussels on the edge of the newly formed gaps have not reattached to the substratum and to 
conspecifics, a process that turns the disturbed state into a stable edge. This simple modification 
from earlier mussel disturbance models (Paine and Levin 1971) limits the lifespan of the disturbed 
state, which is now restricted to the stabilization time of recently disturbed edges. Thus, the mussel 
bed model of Guichard and coauthors (2003) is a version of the forest-fire model, where the growth 
rate of trees is replaced by the local spread of mussels into empty neighbors, through (positive 
density-dependent) local recruitment and growth. Both disturbance and recovery are now local 
processes. The separation of timescales for growth and disturbance propagation is also absent. 
Van de Koppel and others (2008) investigated the origin of a regular pattern in beds of the blue 
mussel Mytilus edulis on intertidal flats under wind-sheltered conditions. Patterns consist of 
regularly spaced clusters of 5 to 10 cm in width that form a coherent, labyrinth-like pattern. In areas 
where mussel densities are low, clusters are more isolated, whereas beds are near-homogeneous in 
very dense areas. This concurs with a number of mathematical studies pointing at the possibility of 
self-organized pattern formation in mussel beds (Guichard et al. 2004, van de Koppel et al. 2005) 
and experimental studies in other intertidal ecosystems (Bertness et al. 1985, 1998). Because of 
their small spatial scale, fast temporal development, and easy manipulation and observation of 
individuals, mussel beds are particularly suited for experimental testing of self-organization 
principles. They tested in the laboratory the hypothesis that the observed patterns are self-organized 
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and hence would develop spontaneously from homogeneity. Mussels that were laid out evenly in 
laboratory mesocosms developed coherent nonrandom spatial patterns within a day. These patterns 
were statistically similar to the patterns observed in the field. When mussel densities in the 
laboratory were decreased, the spatial pattern became more open and clumps became more isolated, 
as was observed under natural conditions. 
The mussel bed model is applied to a wave-disturbed intertidal system on rocky shore in the 
northwest Mediterranean dominated by canopy-forming algae Cystoseira compressa and 
invertebrates. Previously studies have shown the important role of canopy-forming algae in the 
genus Cystoseira in maintaining the structure of algal assemblages in rocky shore (Benedetti-Cecchi 
and Cinelli 1992a, 1992b, Benedetti-Cecchi 2000a) The composition of assemblages, interactions 
between organisms and the spatial and temporal patterns of their distribution at these sites was 
known from observations and previous experimental studies (Benedetti-Cecchi 1993, 2003, 
Menconi et al. 1999). My experiments simulate different disturbance events to discriminate if the 
macroscopic structure of the assemblage reflects the self organization or the environmental 
variability due to spatial and temporal events. We experimentally removed Cystoseira, creating two 
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2.2 MATERIALS AND METHODS 
2.2.1 Study system  
This study was conducted between November 2009 and September 2011, along the rocky shore of 
Calafuria, a few kilometers south of Livorno, Italy (43°31‘N, 10°20‘E) (Fig. 2.2.1). The study was 
carried out along a stretch of cost of about 1 Km, and located from 0 to -0.3 m below the Mean Low 
Water Level (MLWL). The most common sources of disturbance include the mechanical effects of 
storms and aerial exposure during calm weather and high barometric pressure. Both types of events 
can remove organisms from the substratum opening patches ranging in size from a few square 
centimeters up to 1 m
2
. At this height on the shore the habitat is characterized by a presence of 
patches of the brown alga Cystoseira compressa (Esper) Gerloff & Nizamuddin interspersed with 
the mussel Mytilus galloprovincialis Lamark. The assemblage also included several other species of 
algae, such as encrusting corallines like Lithophyllum orbiculatum (Foslie) Foslie and the brown 
alga Nemoderma tingitanum Schousboe ex Bornet and turf-forming algae. The latter group included 
articulated coralline algae such as Corallina elongata Ellis and Solander, Jania rubens (Linnè) 
Lamouroux, the filamentous algae Ceramium spp. and Cladophora spp., coarsely branched algae 
like Laurencia obtuse (Hudson) Lamouroux, Chondria boryana (De Notaris) De Toni, 
Gastroclonium clavatum (Roth) Ardissone and Boergeseniella fruticulosa (Wulfen) Kylin and 
sheet-like algae Padina pavonica (Linnaeus) Thivy, Dictyota dichotoma (Hudson) J.V. Lamouroux  
and Dictyopteris mebranacea (Stackhouse) Batter. The most common grazers were the limpets 
Patella aspera Roding and P. coerulea Linnè and Osilinus turbinatus Von Born. Other 
invertebrates include the barnacle Balanus glandula Darwin and tube-forming polychaete Vermetus 
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Fig. 2.2.1 Map showing the study site (Calafuria, Livorno, Italy). 
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2.2.2 Pilot Study 
This experiment was generated from a field observation of the spatial distribution of Cystoseira 
compressa on exposed rocky shore. The canopy seems heterogeneously distributed in space, 
similarly to mussel beds and wave action creates gaps within canopy of Cystoseira. A succession of 
opportunistic species occupies these gaps, until Cystoseira recovers them. 
My experiment was started with a pilot study in order to gather information about the spatial 
distribution of Cystoseira compressa on hard substrata. The pilot study was one on the coast of 
Calafuria (Livorno), whose intertidal zone is characterized by assemblages of algae and 
invertebrate. I estimated the spatial distribution of C. compressa by photographic sampling of plots 
of 50 x 50 cm of C. compressa. Photographs were analyzed by ImageJ to record the empty area 
(gap) in the Cystoseira‘s belt. The analysis of frequency distribution of gap size shows a power law 
behavior, typically of systems where the criticality plays an important role (Fig. 2.2.3). 
 
Fig. 2.2.3 The frequency distribution of gap size. 
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2.2.3 Experimental design 
Different types of disturbance and intensity were manipulated using a two-way factorial crossed 
design and the response of mid-shore benthic assemblages of algae and invertebrates to these 
treatments was examined. The disturbance simulated the wave action effect with different spatial 
and temporal distribution. At the beginning of the study, 15 transepts of 180 x 30 cm with the same 
initial cover of Cystoseira compressa were chosen along a stretch coast of 1 Km between 0 and 0.3 
cm below the mean low water level. Each transept consisted of 6 adjoining plots of 30 x 30 cm 
marked a their corners with epoxy-putty (Subcoat S, Veneziani). The transepts were randomly 
assigned to four combinations of disturbance. Each type of ―Disturbance‖ (SPD and SOC) was 
crossed with two levels of ―Intensity‖ (H and L, high and low respectively). Six transepts were 
assigned to each type of disturbance and within them three transepts were assigned to each level of 
intensity. Replicates were three transepts. The rest of the transepts (three) were assigned to Controls 
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Fig. 2.2.2  Experimental design. Abbreviations as in the text. 
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The disturbance was applied four times by clearing plots (5 x 5 cm): the removal of organisms was 
done with a hammer and chisel, in order to create gaps that reflect the different distribution of 
assemblages. Each quadrate of transept was divided into 36 sub-quadrates of 5x5 cm using a plastic 
frame, this procedure allows to place the gaps inside the quadrates (Fig. 2.2.3). 
In SPD, the events of disturbance were distributed along a spatial gradient obtained by removing 
different number of gaps inside 6 quadrates of the transepts: 
6-6-4-4-2-2 for High Intensity (tot 24); 
3-3-2-2-1-1 for Low Intensity (tot 12). 
The position of the gap inside each quadrate was assigned randomly both during the set-up of the 
experiment and in each following three dates of treatment. 
This condition enables to examine the response of assemblages to events of disturbance spatially 
distributed, as the spatial variability of ecological processes, in this case disturbance, creates a 
different distribution of assemblages (Benedetti-Cecchi et al. 1999).         
In SOC, the spatial distribution of disturbance doesn‘t follow a spatial gradient but the disturbance 
(number of the gaps) among quadrates is the same along the transept: 
4-4-4-4-4-4 for High Intensity (tot 24); 
2-2-2-2-2-2 for Low Intensity (tot 12). 
The frequency of a process over explicit temporal scales is a measure of variability (the number of 
events per unit of time or space), but it confounds the temporal variance of a process with its mean 
effect size (or intensity). The total number of gaps in transept for each level of intensity of 
disturbance was the same both in SPD treatment and in SOC, allowing the estimates of the effects 
of intensity and frequency of disturbance. In particular, a total surface of 600 cm
2
 and 300 cm
2
 was 
disturbed in the High and Low Intensity levels, respectively. 
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Particularly, during the setup of the experiment (T0), we have distributed the gap inside the 
quadrate randomly but in each of the following dates of treatment, we have removed the organisms 
to operate selectively to the margins of previously disturbed gaps. Therefore, in the second 
treatment time (T1), the same quantity of disturbance distributed in SPD transepts, in SOC transepts 
it is distributed only to the margins of disturbed gaps. We applied disturbance on the edges, as 
disturbance events are known to exert stronger influence on populations of previously disturbed 
areas in self-organized systems (Stachowicz et al. 2002, Van de Koppel 2008). 
In this way, we simulated processes that operate to small spatial scale (inside the quadrates) and we 
generated fundamental condition that determines modality of distribution of organisms on larger 
scales in systems where self-organized criticality is important.  
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2.2.4 Sampling and analyses of data  
All the plots were sampled in four times, after about 3 (Time 1), 6 (Time 2), 9 (Time 3) and 12 
(Time 4) months since the start of the experiment. The percent cover of the organisms was 
estimated using a plastic frame divided into 16 sub-quadrates of 2x2 cm (corresponding to the 
surface of each block), and giving a score from 0% to 4% for each species in each sub-quadrate. 
The total cover was obtained by summing over the 16 sub-quadrates (Dethier et al. 1993, Benedetti-
Cecchi et al. 1996b). The same procedure was used to estimate the percentage cover of the other 
sessile organism, while the abundance of mobile organisms was quantified as the number of 
individual per quadrate.  
Data of each sampling time were analyzed with asymmetrical ANOVAs and multivariate 
permutational procedure of analyses of variance (PERMANOVA, on Bray-Curtis distances; 
Anderson 2001). ANOVA was run to test the hypothesis that different mechanical disturbance 
events modified the percent cover of single species or morphological group. The analyses were 
performed on Cystoseira compressa, the most abundant species and the morphological groups by 
WinGMAV5 software (Underwood e Chapman, University of Sydney, Australia).    
Univariate analyses were done on untransformed data when variance were homogeneous (after 
Cochran C test); in some cases heterogeneity of variance was removed by transforming the original 
data to the natural logarithm (Ln(x+1)) and SNK tests were used for a posteriori comparisons of the 
means after a significant effect was detected by analysis of variance (Winer 1971, Underwood 
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2.3 RESULTS 
Variable effects resulted from ANOVAs conducted on most abundant taxa at each sampling time. 
The canopy-forming alga Cystoseira compressa resulted in a significant higher percentage cover in 
SPD treatments in comparison to SOC (Disturbance: SPD > SOC) at T1, T2 and T4 (Table 2.3.1 
and Fig. 2.3.1). Differently at T3, ANOVA detected a significant effect of the interaction between 
Disturbance and Intensity (DxI). A posteriori comparison (SNK test) showed, for level SOC, 
significant higher value in High Intensity in comparison to Low Intensity (SOC: HI > LI); and, in 
SPD transepts higher percentage cover in level LI than in the other level (SPD: LI > HI) (Table 
2.3.1 and Fig. 2.3.1). 
At the same times of sampling, the morphological category of filamentous algae was significantly 
affected by typologies of Disturbance (SOC > SPD) with larger values of percentage cover in 
transept where we applied SOC disturbance compared with SPD (Table 2.3.2 and Fig. 2.3.2). At 
first date of sampling (Time 1), filamentous algae resulted significantly affected by the contrast 
Controls vs Disturbed with larger percentage covers in the presence of disturbance in comparison to 
the absence of disturbance (Table 2.3.2 and Fig. 2.3.2).    
ANOVA conducted on encrusting corallines algae resulted in a significant higher percentage cover 
in SOC transepts in comparison to transept with a spatial distributed disturbance (Disturbance: SOC 
> SPD) at Time 1 (Table 2.3.3 and Fig. 2.3.3). At Time 3, however, ANOVA detected a significant 
effect of factor Intensity, with more abundant encrusting algae in level ―HI‖ in comparison to level 
―LI‖ (Intensity: HI > LI) (Table 2.3.3 and Fig. 2.3.3). 
The morphological category of thin tubular sheet algae resulted significantly affected by the 
interaction between Disturbance and Intensity (DxI) at T3 (Table 2.3.4 and Fig. 2.3.4). SNK test 
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detected, for level SOC, significant higher value at High Intensity in comparison to Low Intensity 
(SOC: HI > LI) whereas in SPD treatment, this difference was not significant.  
Among articulated coralline algae, Jania rubens had a significant higher percentage cover in SOC 
treatments in comparison to SPD (Disturbance: SOC > SPD) at Time 1. At the same date of 
sampling, ANOVA detected a positive effect of intensity of disturbance on the presence of J. 
rubens with higher percentage cover in level HI compared with level LI (Intensity: HI > LO) (Table 
2.3.5 and Fig. 2.3.5). Differently ANOVA detected a significant effect of the interaction between 
Disturbance and Intensity (DxI) for the other articulated coralline present (Corallina officinalis) at 
Time 4 (Table 2.3.5 and Fig. 2.3.6). A posteriori comparison (SNK test) showed, for level SOC, 
significant higher value in High Intensity compared to Low Intensity (SOC: HI > LI); and, in SPD 
transepts higher percentage cover in level LI than in the other level (SPD: LI > HI) (Table 2.3.5 and 
Fig. 2.3.6). 
Finally, ANOVA conducted on percentage cover of mussel Mytilus galloprovincialis at Time 1, 
detected larger values at Low Intensity both in SPD and SOC treatments (Table 2.3.5 and Fig. 
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Table 2.3.1 ANOVA on the effects of treatments on percentage covers of Cystoseira compressa at Time 1, 2, 3 and 4. Significant effects in bold.  
                                      
        Time 1   Time 2   Time 3   Time 4 
Source of variability df   MS F p   MS F p   MS F p   MS F p 
Among Treatments 4 
 
491,87 2,14 >0,1 
 
563,87 3,09 >0,06 
 
946,73 2,78 >0,08 
 
1230,43 4,15 <0,05 
Controls vs Disturbed 1 
 
63,38 0,28 >0,6 
 
428,45 2,35 >0,1 
 
23,70 0,07 >0,7 
 
302,20 1,02 >0,3 
Among Disturbed 3 
 
634,70 2,77 >0,09 
 
609,02 3,34 >0,06 
 
1254,40 3,68 <0,05 
 
1539,83 5,20 <0,05 
 
disturbance D 1 
 
1720,01 7,50 <0,05 
 
1680,33 9,22 <0,01 
 
1358,20 3,98 >0,07 
 
3593,80 12,13 <0,01 
 
intensity I 1 
 
0,01 0,00 >0,9 
 
8,90 0,05 >0,8 
 
546,70 1,60 >0,2 
 
355,70 1,20 >0,2 
 
D x I 1 
 
184,08 0,80 >0,3 
 
137,81 0,76 >0,4 
 
1858,30 5,45 <0,05 
 






   
182,23 
   
341,03 
   
296,36 
  Total   14                             
Cochran’s test 
   
p > 0.05 
  
p > 0.05 
  
p > 0.05 
  
p > 0.05 
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Figure 2.3.1 Mean percentage cover (+1SE) of Cystoseira compressa in each level of treatment 
factor for all levels of intensity at Time 1 (A), Time 2 (B), Time 3 (C) and Time 4 (D). (*) indicates 
significantly different treatments as detected by SNK test.  
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Table 2.3.2 ANOVA on the effects of treatments on percentage covers of filamentous algae at Time 1, 2, 3 and 4. Significant effects in bold. 
 
 
        Time 1   Time 2   Time 3   Time 4 
Source of variability df   MS F p   MS F p   MS F p   MS F p 
Among Treatments 4 
 
2,10 8,80 <0,01 
 
248,59 1,94 >0,5 
 
61,40 0,46 >0,7 
 
222,25 3,53 <0,05 
Controls vs Disturbed 1 
 
5,38 22,50 <0,01 
 
65,46 0,51 >0,4 
 
39,60 0,30 >0,5 
 
2,00 0,03 >0,8 
Among Disturbed 3 
 
1,01 4,23 <0,05 
 
309,63 2,42 >0,1 
 
68,67 0,51 >0,6 
 
295,67 4,69 <0,05 
 
disturbance D 1 
 
2,01 8,39 <0,01 
 
690,08 5,40 <0,05 
 
51,50 0,39 >0,5 
 
768,00 12,18 <0,01 
 
intensity I 1 
 
0,03 0,13 >0,70 
 
151,70 1,19 >0,3 
 
11,10 0,08 >0,7 
 
46,70 0,74 >0,4 
 
D x I 1 
 
0,99 4,15 >0,06 
 
87,12 0,68 >0,4 
 
143,40 1,07 >0,3 
 






   
127,86 
   
133,73 
   
63,04 
  Total  14                             
Cochran’s test 
   
p > 0.05 
  
ns  
   
p > 0.05 
  
p > 0.05 
Transformation     None     ln(x+1)    None     None   
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Figure 2.3.2 Mean percentage cover (+1SE) of filamentous algae in each level of treatment factor 
for all levels of intensity of disturbance at Time 1 (A), Time 2 (B), Time 3 (C) and Time 4 (D). 
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Table 2.3.3 ANOVA on the effects of treatments on percentage covers of encrusting corallines at Time 1, 2, 3 and 4. Significant effects in bold.  
 
                                      
        Time 1   Time 2   Time 3   Time 4 
Source of variability df   MS F p   MS F p   MS F p   MS F p 
Among Treatments 4 
 
0,1 1,3 >0,3 
 
2,15 0,69 >0,6 
 
17,03 2,71 >0,09 
 
0,30 2,14 >0,1 
Controls vs Disturbed 1 
 
0,0 0,0 1,00 
 
0,42 0,13 >0,7 
 
2,60 0,41 >0,5 
 
0,00 0,00 1,00 
Among Disturbed 3 
 
0,2 1,8 >0,2 
 
2,73 0,87 >0,4 
 
21,83 3,47 >0,05 
 
0,40 2,86 >0,09 
 
disturbance D 1 
 
0,4 5,0 <0,05 
 
1,81 0,58 >0,4 
 
9,40 1,49 >0,2 
 
0,20 1,43 >0,2 
 
intensity I 1 
 
0,0 0,2 >0,6 
 
3,70 1,19 >0,3 
 
55,40 8,81 <0,02 
 
0,40 2,86 >0,1 
 
D x I 1 
 
0,0 0,0 1,00 
 
2,67 0,86 >0,3 
 
0,70 0,11 >0,7 
 






   
3,12 
   
6,29 
   
0,14 
  Total   14                             
Cochran’s test 
   
ns 
   
p > 0.05 
  
p > 0.05 
  
ns 
 Transformation     Sqrt(x+1)   None     None      ln(x)  
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Figure 2.3.3 Mean percentage cover (+1SE) of encrusting algae in each level of treatment factor for 
all levels of intensity of disturbance at Time 1 (A), Time 2 (B), Time 3 (C) and Time 4 (D).
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Table 2.3.5 ANOVA on the effects of treatments on percentage covers of Jania rubens at Time 1, Mytilus galloprovincialis at Time 1 and Corallina 
officinalis at Time 4. Significant effects in bold. 
        Jania rubens   
Mytilus 
galloprovincialis   
Corallina 
officinalis   
        Time 1   Time 1   Time 4   
Source of variability df   MS F p   MS F p   MS F p   
Among Treatments 4 
 
1,4 7,4 <0,01 
 
7,4 2 <0,1 
 
11,7 3,4 >0,05 
Controls vs Disturbed 1 
 
0,8 4,6 >0,05 
 
4,4 1,2 <0,2 
 
21,5 6,2 >0,05 
Among Disturbed 3 
 
1,5 8,3 <0,01 
 
8,4 2,3 >0,1 
 
8,4 2,4 <0,1 
 
 
disturbance D 1 
 
2,4 12,8 <0,01 
 
2,7 0,7 <0,4 
 
3,6 1 <0,3 
 
 
intensity I 1 
 
2,2 11,6 <0,01 
 
19,6 5,4 >0,05 
 
3,2 0,9 <0,3 
 
 
D x I 1 
 
0,1 0,5 >0,3 
 
3 0,8 <0,3 
 






   
3,5 
   
3,6 
   Total  14                      
Cochran’s test 
   
ns 
   
p > 0.05 
  
p > 0.05 
 Transformation     Sqrt(x+1)   None     None    
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Figure 2.3.5 Mean percentage cover (+1SE) of Jania rubens in each level of treatment factor for all 



































Figure 2.3.6 Mean percentage cover (+1SE) of Corallina officinalis in each level of treatment 
factor for all levels of intensity of disturbance at Time 4. 
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Figure 2.3.7 Mean percentage cover (+1SE) of Mytilus galloprovincialis in each level of treatment 
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2.4 DISCUSSION 
Numerous studies have shown significant changes in the structure of assemblages following 
removals of canopy algae (Dayton 1985, Chapman 1990, Benedetti-Cecchi et al. 2001) but few 
have examined whether these changes reflect two different applications of disturbance, in the space 
and time, in costal habitats. Here we have shown that the percentage cover of the canopy-forming 
alga Cystoseira compressa was greater in transept where the distribution of extreme event 
disturbance acts in random mode inside the assemblages. 
Removing the canopy enhanced the cover of turf-forming algae and decreased the covers of algal 
species commonly found in the understory of Cystoseira. These results strongly support the 
proposition that natural extreme events cause the loss of Cystoseira in the Mediterranean and that 
the disappearance of canopy algae causes an increase in cover of turf-forming species in disturbed 
habitats. This suggests that relationship between Cystoseira and the structure of low-shore 
assemblages in the northwest of Mediterranean involve both positive and negative interaction 
among organisms (Benedetti-Cecchi et al. 2001). Previous studies in aquatic systems have shown 
that direct positive interactions usually occur because some organisms ameliorate physical 
condition in stressful habitats. Examples include interactions among vascular plants in salt marshes 
(Bertness and Hacker 1994) and among algae in rocky intertidal habitats (Bertness and Leonard 
1997). Some invertebrates and algae required the presence of Cystoseira because this alga provided 
shading and thus maintained conditions at low tide, or offered shelter and safer substratum for 
anchorage. Alternatively, Cystoseira might have been necessary to prevent invasion of turf-forming 
algae that would have covered and smothered the understory organisms. Increased in percentage 
cover values of filamentous algae under the potentially most stressing experimental conditions 
might reflect indirect effects due to the concomitant reduction of competitors. Algal turfs, which 
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occupied space by vegetative propagation, were able to quickly regain spatial dominance in patches 
cleared at any time of the year. 
The loss of canopy in SOC treatments enhanced the percentage cover of encrusting corallines algae. 
This probably reflected the loss of erect species of algae and enhanced the cover of pioneer species. 
This effect resulted only at T1 because filamentous algae may have most benefited from the 
reduction of canopy algae in comparison to encrusting corallines algae, as although encrusting 
corallines were not indicated as strong competitors for space (Bertocci et al. 2010). 
The articulated coralline alga Jania rubens benefited from the creation of gaps inside the transept of 
C. compressa. This modality of distribution may be attributed to the availability of propagules in 
the water column when we applied a major canopy removal, with higher percentage cover value in 
SOC transept with high intensity of disturbance. Many studies carried on terrestrial system (Todd et 
al. 2002) have shown that positive spatial auto-correlation is due to limited dispersion of seeds 
around the plant, which determines an aggregate distribution of the species. The colonization of 
disturbed areas and recruitment modality depend on the timing of occurrence of disturbance with 
respect to the period of reproduction and recruitment of organisms. If the two events coincide and 
organisms do not release propagules continuously in time (e.g., perennial plants or barnacles), then 
it is the specific sequence of events rather than temporal variation that can leave strong ecological 
signatures. Beginning, larger gaps will be colonized by organisms with high dispersal capacity in 
comparison to smaller areas (Keough, 1984). In these areas, the colonization will be through 
vegetative growth of species with low dispersal capacity (Sousa, 1984; Allison, 1995).   
Other patterns documented in this study included the effect of intensity of disturbance on mussels. 
High levels of intensity had negative effects on mussels at Time 4 (summer sampling). This 
probably reflected the fact that mussels are anchored with their byssus to the base of Cystoseira 
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(Benedetti-Cecchi et al. 1996a) and patches of open space originated in the mussel matrix when 
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3.1 INTRODUCTION 
3.1.1 Extreme events  
Temperatures near the Earth‘s surface are rising globally, and evidence is mounting that 
most of the warming observed in recent decades has been caused by increasing atmospheric 
concentrations of greenhouse gases. Anthropogenic increases in annual-mean temperatures have 
also been detected on continental scales, in Europe, North America and other land regions. 
Environmental variables do exceed important biological bounds in nature, and there are 
many cases in which ecological dynamics depend more upon the extremes of environmental factors 
than on their means (Gaines and Denny 1993). Extreme levels of certain variables can lead to 
impairment of function or outright mortality of individuals, with important implications for 
populations, communities, and ecosystems. 
There is no single definition of what constitutes an extreme event. Extremes can be quantified on 
the basis of: 
 how rare they are, which involves notions of frequency of occurrence; 
 how intense they are, which involves notions of threshold exceedance; 
 the impacts they exert on environmental or economic sectors, in terms of costs or damage. 
An increase in the frequency and magnitude of climate (or weather) extremes, such as severe 
drought, periods of heavy rainfall and heat waves, has been recognized as a critical manifestation of 
climate change (Meehl & Tebaldi 2004; Meehl et al. 2007). Climate extremes have the potential to 
have large and widespread impacts at all levels of the ecological hierarchy from organisms to 
ecosystems (Easterling et al. 2000; Jentsch & Beierkuhnlein 2008), as well as significant economic 
costs and consequences for human welfare (Meehl et al. 2000, 2007; Garcia-Herrara et al. 2010). 
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There is mounting evidence that the frequency and severity of climate extremes have already 
increased in many regions (Karl, Knight & Plummer 1995; Schar et al. 2004), and hence, there is a 
pressing need to understand the immediate and future consequences of climate extremes for 
ecological systems. 
Extreme events can influence community dynamics and biodiversity by selectively removing 
community dominants, thereby freeing up resources for other species (Dayton 1971, Connell 1978, 
Sousa 1979). Similarly, disturbance associated with extreme events can reduce biotic resistance of 
communities to invasive species and increase rates of invasion (Gross et al. 2005, Altman and 
Whitlatch 2007). The assembly of communities is a dynamic process in which species composition 
changes as some species, native or exotic, colonize or increase in abundance while other species 
decrease or go locally extinct (Zavaleta et al 2004). Although driven in part by deterministic 
intrinsic interactions, such as competition (Rand 2003) and predation (Stock et al. 2003), 
community assembly is also influenced by stochastic extrinsic perturbations, such as physical 
disturbances (Bertocci et al. 2005), disease epidemics, and colonization of new species (Stachowicz 
et al. 2002). Extreme climatic events represent massive, infrequent abiotic perturbations that can 
differentially affect certain species, thereby altering species composition, resource use, and 
interactions (Paine & Trimble 2004). Effects of such perturbations on the long-term dynamics of 
communities are neither well documented nor well understood, most likely as a result of their rarity 
and stochasticity. By their very nature, infrequent unpredictable phenomena will never be subject to 
statistical inference that requires replication, control of variables, or large sample sizes. 
Nevertheless, impacts of these events can provide valuable insights into the processes—extrinsic 
and intrinsic, biotic and abiotic, deterministic and stochastic—that structure communities. 
Extreme events can cause sufficiently dramatic ecological change that recovery is greatly delayed 
or impossible. Such effects arise when populations are pushed below some minimum density 
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threshold (e.g., the Allee effect), or when a community or ecosystem enters an alternate stable state 
(Allee 1949, Folke et al. 2004). The effects of extremes are under ever increasing scrutiny as the 
frequency, and thus the ecological importance, of extreme events continues to rise in response to 
anthropogenically forced climate change (IPCC 2007). There is a growing realization that many 
extreme ecological events are not caused by the action of a single extreme environmental stressor, 
but rather by synergistic interaction among multiple run-of-the-mill stressors (Paine et al. 1998).  
3.1.2 Statistics of extremes 
Extreme events share characteristic nonlinear behaviors that are often generated by cross-
scale interactions and feedbacks among system elements. These events result in ―surprises‖ that 
cannot easily be predicted based on information obtained at a single scale (Peters et al. 2004).  
There is an extensive literature exploring the probability of extreme events (Gaines and Denny 
1993, Denny and Gaines 2000, Katz et al. 2005) and for many types of problems statistical 
approaches are well established. The statistics of extremes analyzes the empirical record of a single 
variable to predict the probability that an extreme value will occur. More recently, this univariate 
theory has been extended to analyze the probability that extremes of two or more variables co-
occur. There are two important limitations to the use of this type of extreme value theory (Denny et 
al. 2009). First, standard extreme value theory does not handle well temporal autocorrelation and 
cross-correlation among variables; this may not be appropriate when considering biological 
consequences, in particular when ecological extremes depend on the time history of the variables 
involved and not just on the instantaneous extremes. Second, standard extreme value theory is 
typically applied to stationary time series, which makes for difficulties in handling series with 
temporal evolution and even seasonality. The complexity of multivariate analysis increases rapidly 
with the number of variables under consideration (Coles 2001). For many ecological cases, where 
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seven or more variables must be considered, this complexity may be very difficult for the average 
ecologist (Denny et al. 2009).  
A practical alternative to multivariate extreme values analysis is "environmental bootstrap", 
a procedure that is capable of incorporating the complexity of ecological systems. The focus of this 
method is not an extrapolation beyond the range of existing data, but rather on the probability that 
values within the range of existing data might randomly co-occur in a pattern that leads to an 
ecological extreme event. The relevant physical environments defined by a set of factors, each of 
which varies through time. Applications directly relevant to ecology have included environmental 
variables such as those in climate (temperature, precipitation, wind speed), hydrology (stream flow), 
and oceanography (sea level, wave height), with several of these variables being included in the 
examples in Gaines and Denny (1993). All the examples of the application of the statistics of 
extremes presented in Gaines and Denny (1993) happen to involve variables (minimum and 
maximum sea surface temperature, maximum wind speed, maximum ocean wave force, and 
maximum human life span) whose upper (or lower) tail is either unbounded, but "light" (decreases 
at a relatively rapid rate) or bounded. 
Although there have been numerous studies examining the effects of changes in climatic 
means on ecological processes and ecosystems, research on climate extremes is far less common 
and is only now emerging as a distinct research field in ecology (Jentsch et al. 2011). Despite the 
challenges of studying climate extremes, our understanding of this critical aspect of climate change 
has recently been advanced by a number of palaeo-ecological, observational and experimental 
studies. Thus, although the field is nascent, there is value in providing a preliminary assessment of 
this rapidly growing body of research to synthesize our existing knowledge, identify and prioritize 
gaps in our current understanding, and build a conceptual foundation to guide future research. 
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The Extreme Climatic Events Symposium held at the 95
th
 Annual Meeting of the Ecological 
Society of America (1–6 August 2010, Pittsburg, PA) was envisioned with these goals in mind. 
This symposium brought together an international group of researchers who are actively studying 
the ecological impacts of climate extremes. Their presentations encompassed a broad range of 
perspectives and their research approaches were diverse, including observational and manipulative 
studies that included multiple hierarchical scales. 
3.1.3 Heat Waves 
There is no universal definition of a heat wave, but such extreme events associated with 
particularly hot sustained temperatures have been known to produce notable impact on human 
mortality, regional economies and ecosystems (Parmesan et al. 2000, Easterling et al. 2000). Two 
well-documented examples are the 1995 Chicago heat wave (Karl et al. 1997) and the European 
heat wave of 2003 (Schar et al. 2004). Many definitions could apply to heat waves that quantify the 
duration and/or intensity of either nighttime minima or daytime maxima (Karl et al. 1997, Schar et 
al. 2004). Heat waves are typically defined as a period of at least three to five days during which 
mean or maximum temperature anomalies of at least 3 – 5 ° C above normal are observed (Meehl 
and Tebaldi 2004, Meehl et al. 2007).  
The 2003 event in Europe was associated with a very robust and persistent blocking high 
pressure system that some weather service suggested may be a manifestation of an exceptional 
northward extension of the Hadley Cell (Beniston &Diaz 2004). Press reports and specialized 
agency documents (WHO, 2003) have reported on some of the severe impacts of the heat wave on a 
range of environmental and socioeconomic sectors. Perhaps, the most dramatic impact, at least 
partially attributable to the heat wave but also embedded in a wide range of economic and social 
problems, was the large numbers of excess deaths in France, Italy and Spain in particular. Over 
20,000 people are believed to have died (11–14,000 in France alone) during the heat wave. The 
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2003 heat wave also impacted severely upon the agricultural sector, with losses of several hundred 
million Euros in Germany, Italy and the United Kingdom, and in the billion-Euro range in France. 
Many major rivers such as the Po in Italy, the Rhine in Germany and the Loire in France were at 
record-low levels, resulting in serious problems for irrigation, cooling of electricity power-
generating stations and toxicity through the proliferation of cyanobacteria. Some mountain glaciers 
in the Alps lost up to 10% of their mass during the 3 months of the heat wave, while an unusually 
large number of rock falls in the mountains was attributed to permafrost thawing resulting from the 
exceptionally warm and persistent temperatures recorded at high elevations during much of the 
summer. 
Although the great majority of climate change studies focus on the effects of increases in 
mean global temperature (Easterling et al. 2000, Jentsch et al. 2007), extreme events such as heat 
waves have the potential to significantly and abruptly alter biotic systems (Easterling et al. 2000, 
Parmesan et al. 2000). Studies of the impacts of extreme events are typically either (1) 
observational, with researchers relating dynamics in long-term datasets to unforeseen events that 
occurred during data collection (Swaty et al. 2004, Daufresne et al. 2007, Harris et al. 2007, Jöhnk 
et al. 2008), or (2) experimental, with treatments designed to mimic field-relevant extreme 
conditions (Bassow et al. 1994, de Valpine and Harte 2001, Van Peer et al. 2004). Most 
community-level studies of heat wave impacts have been conducted in terrestrial systems, and only 
a handful of observational (Sutherland 1970, Harley 2008, Oxenford et al. 2008) – and even fewer 
experimental (Glynn and D‘Croz 1990, Allison 2004) – studies have been carried out in marine 
systems. Studies in all systems have shown that responses to heat waves are generally species-
specific (Parmesan et al. 2000, de Valpine and Harte 2001, Mouthon and Daufresne 2006, Miriti et 
al. 2007, Petes et al. 2007, Harley 2008), and heat waves can essentially ‗reset‘ community 
development when complete mortality occurs (Allison 2004, Miriti et al. 2007). In addition, impacts 
often persist after conditions return to ambient levels, either for months (Bassow et al. 1994, 
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Oxenford et al. 2008), for years (Miriti et al. 2007), or even longer, such as with range shifts 
(Easterling et al. 2000, Fleischer et al. 2007, Harris et al. 2007, Jentsch et al. 2007). A less 
pronounced response of non-native species to heat waves would be consistent with two prevailing 
paradigms in invasion biology. First, disturbance is predicted to facilitate invasions via one or more 
of the following mechanisms: an increase in resources, a decrease in native competitors or 
predators, or a shift in conditions that favors non-natives (Byers et al. 2002, Clark and Johnston 
2005, Olyarnik et al. 2009). The 2003 European heat wave was associated with shifts in community 
structure in both freshwater (Daufresne et al. 2007) and marine communities (Neumann et al. 2009). 
Daufresne et al. (2007) suggest that creation of open space by this heat-wave disturbance allowed 
the colonization and increased abundance of non-natives in a macro invertebrate community in the 
French Rhône River. 
Benthic marine communities have been productive systems in which to study community 
dynamics and responses to physical stresses under natural settings (Sousa 1979, Paine and Levin 
1981, Menge and Sutherland 1987, Menge et al. 2002, Guichard et al. 2003). These communities 
often have a relatively rapid recovery rate from perturbations, have organisms that are relatively 
easy to manipulate, and are of a convenient scale for experiments (Connell 1974). Furthermore, 
natural disturbances are common in many of these communities, and a great deal is already 
understood about their disturbance and succession dynamics. 
In the NW Mediterranean Sea, where the amplitude of tides is very small, the occurrence of 
aerial exposure can be difficult to predict. In this system, current weather conditions can buffer or 
magnify any tidal effect. Prolonged periods of high barometric pressure and calm seas can push the 
sea level below the Mean Low Water Level (MLWL), exposing sessile organisms to air for long 
periods. Such conditions may affect the physiology (Silva et al. 2005) and growth of organisms 
(Davison et al. 1993, Tanaka & Nakaoka 2004, Dethier et al. 2005), their tolerance to the impact of 
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waves (Haring et al. 2002) and grazing (Buschmann 1990, Harley 2003). In contrast, waves reduce 
drying out of intertidal organisms during low tides and can have positive effects on transport of 
nutrient particles to filter-feeders (Hawkins & Jones 1992). However, the prolonged submersion of 
organisms living high on the shore can result in enhanced mortality due to predation (Minchinton & 
Scheibling 1993) and overgrowth (Denley & Underwood 1979). Therefore, changes in temporal 
patterns in the occurrence of contrasting weather conditions can have drastic effects on these 
assemblages.  
In my experiment, I examine how the variation of biodiversity (composition, specific 
richness and relative abundance of species) influences the capacity of intertidal assemblages of 
rocky shore, that it is dominated by algae and invertebrates, to respond to extreme climate events, 
like peak in air temperature. My experiments simulate thermal stress events applied to experimental 
plots with different diversity. I have used the ingenious system adopted by Stachowicz et al. (1999 
and 2000) for fouling communities to synthetically assemble early colonizers on experimental units 
in the field. This procedure was preferred to the manipulation of diversity through selective 
removals of species in natural plots, because it provided more flexibility to control for the influence 
of potentially confounding variables in the field.  
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3.2 MATERIALS AND METHODS 
3.2.1 Study system 
This study was conducted between November 2009 and September 2011, along the rocky shore of 
Calafuria, a few kilometers south of Livorno, Italy (43°31‘N, 10°20‘E) (Fig. 2.2.1). This locality is 
characterized by average tide amplitude of about 25 cm even if exposure to waves and barometric 
pressure allow organisms to extend far beyond the limits of the tide (Menconi et al. 1999). 
The study was carried out along a stretch of cost of about 1 Km located from 0 to -0.3 m below the 
Mean Low Water Level (MLWL). At this height on the shore the habitat is characterized by the 
presence of patches of the brown alga Cystoseira compressa (Esper) Gerloff & Nizamuddin 
interspersed with the mussel Mytilus galloprovincialis Lamark. The assemblage also included 
several other species of algae, such as encrusting corallines like Lithophyllum orbiculatum (Foslie) 
Foslie and the brown alga Nemoderma tingitanum Schousboe ex Bornet and turf-forming algae. The 
latter group included articulated coralline algae such as Corallina elongata Ellis and Solander, 
Jania rubens (Linnè) Lamouroux, the filamentous algae Ceramium spp. and Cladophora spp., 
coarsely branched algae like Laurencia obtuse (Hudson) Lamouroux, Chondria boryana (De 
Notaris) De Toni, Gastroclonium clavatum (Roth) Ardissone and Boergeseniella fruticulosa 
(Wulfen) Kylin and sheet-like algae Padina pavonica (Linnaeus) Thivy, Dictyota dichotoma 
(Hudson) J.V. Lamouroux and Dictyopteris mebranacea (Stackhouse) Batter and colonial 
cyanobacteria (Rivularia spp.). The most common grazers were the limpets Patella aspera Roding 
and Patella coerulea Linnè and Osilinus turbinatus Von Born. Other invertebrates include the 
barnacle Balanus glandula Darwin and tube-forming polychaete Vermetus triqueter Bivona-
Bernardi (Menconi et al. 1999, Benedetti-Cecchi 2001). 
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Fig. 2.2.1 Map showing the study site (Calafuria, Livorno, Italy). 
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3.2.2 Experimental design  
During July 2009, 64 stainless steel panel of 12 x 8 cm were placed along the rocky shore between 
0 and 0.3 cm below the mean low water level, and screwed at sandstone substrate. Each panel 
consisted of 24 blocks of 2x2x2 cm each (blocks were made of sandstone like the natural rock) that 
were individually screwed to the panel to form a uniform surface available for colonization. After 
12 months, the panels were covered by different colonizers species. The following species and 
morphological categories, among the most common on the panels, were chosen to be manipulated 
in the experiment: Cystoseira compressa (CC), encrusting algae (EA) and filamentous algae 
(TURF).  
For the experiment a total of fifty panels were used. Each of them was obtained by choosing, from 
the panels colonized, 16 blocks depending on the epiphytes they bear and reassembling them so that 
desired treatments were created (Fig. 2.2.2). Then, panels were assigned to five treatments.  
 
Fig. 2.2.2 Panel with 16 blocks. 
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The first and the second level of the Treatment factor consisted of blocks covered only by 
encrusting corallines (EC). The former was created combining 4 blocks covered by species (25% 
cover) with 12 bare blocks (ECL) and the latter with 8 blocks covered by species (50% cover) with 
8 bare blocks (ECH). The bare blocks (representing free substrate as the one created by events of 
disturbance) were obtained by clearing the surface of blocks using stainless steel brushes. Similarly 
to EC, other two levels were created combining 8 covered blocks and 8 bare ones, respectively of 
Cystoseira compressa (CC) and filamentous algae (TURF). Also, an assemblage with three taxa 
(one species and 2 morphological categories) were created combining Cystoseira with encrusting 
corallines and turf (CTC). The experimental design included the factor ―Heating‖, with two levels: 
Heat and Control.  Heating has been crossed with Treatment factor. Each combination of factors has 
been replicated with four replicate panels. A detailed scheme of experimental designed is given in 
Fig. 2.2.3. 
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Fig. 2.2.3 Experimental design. Abbreviations as in the text. 
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3.2.3 Heat treatment 
The panels selected for the heat treatment have been removed from the rocky shore and located 
inside an aluminum chamber. The heat applied was a pulse thermal stress created by low-power 
propane heaters placed over the chamber. The chamber was 0.4 m wide x 0.4 m long x 0.4 m high, 
allowing it to be secured over six-seven subplots at a time. The heater produced a strong 
temperature stress that was applied for 120 min. The propane heaters were suspended within this 
chamber, 40 cm above and facing the substratum. The ambient temperature within the chamber was 
measured with a thermometer placed over the surface of algae and the temperature was maintained 
using adjustable vents constructed in the chamber (Fig. 2.2.4).  
 
Fig. 2.2.4 Chamber with propane heater and the thermometer  
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The heating treatment was applied in three times, after about 3 (Time 1), 6 (Time 2) and 9 (Time 3) 
months since the start of the experiment. The temperature applied on the panels was determined by 
temperature time series analysis. In order to obtain temperature values to be used in heat treatments 
the maximum and minimum daily temperature from 1951 to 2011 were acquired. The time series 
analysis was performed using R (R Development Core Team 2008) with additional packages  
―extRemes‖  and ―ismev‖. The Extremes Toolkit (extRemes) is designed to facilitate the use of 
extreme value theory in applications oriented toward weather and climate problems that involve 
extremes, such as the highest temperature over a fixed time period. Extreme value analysis (EVA) 
is used primarily to quantify the stochastic behavior of a process at unusually large (or small) 
values. Particularly, such analyses usually require estimation of the probability of events that are 
more extreme than any previously observed. Many fields use EVA including: meteorology, 
hydrology, finance and ocean wave modeling to name just a few (Gilleland and Katz, 2006).  
Many statistical analyses concern sums or averages of random variables, and often rely upon 
limiting results such as the Central Limit Theorem to justify use of the normal (or bell-shaped) 
distribution. When the interest is about the extremes, the bulk of the data may be misleading, and 
the normal distribution is not appropriate. A similar theorem to the Central Limit Theorem, the 
Extremal Types Theorem, provides justification for using a family of distributions (in the univariate 
setting, similar results hold for multivariate analysis) known as the generalized extreme value 
(GEV) distribution (Gilleland and Katz, 2006). By analysis, 100-years return time temperature was 
calculated for each of the 3 month-periods considered, each representing a different season. A 
return period also known as a recurrence interval is an estimate of the interval of time between 
events like an heat wave, flood or storm of a certain intensity or size. It is a statistical measurement 
denoting the average recurrence interval over an extended period of time, and is usually required for 
risk analyses.  
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3.2.4 Sampling and analyses of data  
All the panels were sampled before each heating treatment. The percent cover of the organisms was 
estimated using a plastic frame divided into 16 sub-quadrates of 2x2 cm (corresponding to the 
surface of each block), and giving a score from 0% to 4% for each species in each sub-quadrates. 
Final cover was obtained by summing over the 16 sub-quadrates (Dethier et al. 1993, Benedetti-
Cecchi et al. 1996b). The same procedure was used to estimate the percentage cover of the other 
sessile organisms, while the abundance of mobile organisms was quantified as number of individual 
per quadrate.  
Abundance data of species (unmanipulated species or morphological groups) were analyzed by 
univariate techniques. Temporal variation in percent cover of the most abundant taxa was analized. 
These included articulated corallines (AC, mostly Corallina elongate and Jania rubens), coarsely 
branched algae (CB mostly Laurencia obtusa and Gastroclonium clavatum), thin tubular sheet-like 
algae (TTS), total cover and number of taxa of non-manipulated algae. ANOVAs were run for each 
sampling time to test the hypothesis that heat modified the percent cover of single taxa and the 
number of them by WinGMAV5 software (Underwood e Chapman, University of Sydney, 
Australia). Cochran‘s test was used to check for variance homogeneity and SNK tests were used for 
a posteriori comparisons of the means after a significant effect was detected by analysis of variance 
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 3.2.5 Control of artefacts 
To control for possible artefacts of the experimental procedure 8 extra panels were established 
(obtained as for ECL and Turf treatment used in the experiment), 4 combining 4 blocks covered by 
Encrusting Corallines with 12 bare blocks (ACEC = Artefact Control Encrusting Corallines) and 4 
combining 8 blocks covered by turf with 8 bare blocks (ACT = Artefact Control Turf). At each 
heating treatment time, these panels have been placed inside the chamber for 120 min but no heat 
treatment was applied. 
At each sampling time, the 8 units were sampled non destructively and data obtained were analyzed 
using two-way ANOVAs. Total variability was divided into factor Artefact (fixed, 2 levels: No 
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3.3 RESULTS 
3.3.1 Response of assemblages to experimental treatment after 3 months (Time 1) 
 
After 3 months since the beginning of the experiment, all unmanipulated species (articulated 
corallinales, thin tubular sheet-like algae and coarsely branched algae) and variables (number of 
taxa, total occupancy of algal species and bare space) showed significant differences between 
panels populated by assemblages with different complexity (Table 3.3.1).   
Articulated corallinales showed greater abundance in assemblages with Cystoseira compressa 
compared to panels with high density of encrusting corallinales (Table 3.3.1, Fig.3.3.1). This taxon 
was completely absent from panels with low density of encrusting corallinales.  
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Fig. 3.3.1 Mean percent cover of articulated corallinales (+SE, n=40) among panels populated by 
assemblages with different complexity: analysis at time 1 (after 3 months). ECL = low density of 
encrusting corallinales, ECH = high density of encrusting corallinales, Turf = filamentous algae, 
Cys = Cystoseira compressa, CTC = C. compressa, filamentous algae and encrusting corallinales. 
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Thin tubular sheet-like algae were more abundant in assemblages populated by filamentous algae or 
in panels with a combination of turfs, C. compressa and encrusting corallinales compared to all 
other experimental treatments (Table 3.3.1, Fig.3.3.2).    
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Fig. 3.3.2 Mean percent cover of thin tubular sheet-like algae (+SE, n=40) among panels populated 
by assemblages with different complexity: analysis at time 1 (after 3 months). ECL = low density of 
encrusting corallinales, ECH = high density of encrusting corallinales, Turf = filamentous algae, 
Cys = Cystoseira compressa, CTC = C. compressa, filamentous algae and encrusting corallinales. 
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A complex pattern was observed for coarsely-branched algae, which were more abundant in 
assemblages populated by filamentous algae or by a combination of turfs, C. compressa and 
encrusting corallinales compared to panels with encrusting corallinales at low and high density 
(Table 3.3.1, Fig.3.3.3). Also, percent cover of coarsely-branched algae increased in panels with 
algal turfs compared to assemblages populated by C. compressa (Fig.3.3.3). 
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Fig. 3.3.3 Mean percent cover of coarsely-branched algae (+SE, n=40) among panels populated by 
assemblages with different complexity: analysis at time 1 (after 3 months). ECL = low density of 
encrusting corallinales, ECH = high density of encrusting corallinales, Turf = filamentous algae, 
Cys = Cystoseira compressa, CTC = C. compressa, filamentous algae and encrusting corallinales. 
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Similarly, total cover of algal assemblages increased in panels populated by filamentous algae, 
Cystoseira compressa or a combination of turfs, C. compressa and encrusting corallinales compared 
to panels with encrusting corallinales at low and high density (Table 3.3.1, Fig. 3.3.4).  
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Fig. 3.3.4 Mean percent cover of all species (+SE, n=40) among panels populated by assemblages 
with different complexity: analysis at time 1 (after 3 months). ECL = low density of encrusting 
corallinales, ECH = high density of encrusting corallinales, Turf = filamentous algae, Cys = 
Cystoseira compressa, CTC = C. compressa, filamentous algae and encrusting corallinales. Letters 
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Conversely, bare rock showed the opposite pattern and displayed greater cover in panels with 
encrusting corallinales at low and high density compared to panels populated by filamentous algae, 
Cystoseira compressa or a combination of turfs, C. compressa and encrusting corallinales (Table 
3.3.1, Fig. 3.3.5).  
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Fig. 3.3.5 Mean percent cover of bare rock (+SE, n=40) among panels populated by assemblages 
with different complexity: analysis at time 1 (after 3 months). ECL = low density of encrusting 
corallinales, ECH = high density of encrusting corallinales, Turf = filamentous algae, Cys = 
Cystoseira compressa, CTC = C. compressa, filamentous algae and encrusting corallinales. Letters 
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Richness of species, estimated by the number of taxa, significantly increased in panels populated by 
filamentous algae, Cystoseira compressa or a combination of turfs, C. compressa and encrusting 
corallinales compared to panels with encrusting corallinales at low and high density (Table 3.3.1, 
Fig. 3.3.6). 
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Fig. 3.3.6 Mean number of taxa (+SE, n=40) among panels populated by assemblages with different 
complexity: analysis at time 1 (after 3 months). ECL = low density of encrusting corallinales, ECH 
= high density of encrusting corallinales, Turf = filamentous algae, Cys = Cystoseira compressa, 
CTC = C. compressa, filamentous algae and encrusting corallinales. Letters above columns 
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3.3.2 Response of assemblage to experimental treatment after 6 months (Time 2) 
Six months since the beginning of the experiment, several unmanipulated species (articulated 
corallinales and coarsely branched algae) and variables (number of taxa, total occupancy of algal 
species and bare space) showed significant differences among panels populated by assemblages 
with different complexity (Table 3.3.2). Besides, there was a significant effect of the Heating x 
Treatment interaction on the abundance of thin tubular sheet-like algae (Table 3.3.2). 
 
Percentage cover of articulated corallinales was greater in assemblages populated by algal turfs or a 
combination of turfs, C. compressa and encrusting corallinales compared to panels populated by all 
other assemblages (Table 3.3.2, Fig. 3.3.7). 
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Fig. 3.3.7 Mean percent cover of articulated corallinales (+SE, n=40) among panels populated by 
assemblages with different complexity: analysis at time 2 (after 6 months). ECL = low density of 
encrusting corallinales, ECH = high density of encrusting corallinales, Turf = filamentous algae, 
Cys = Cystoseira compressa, CTC = C. compressa, filamentous algae and encrusting corallinales. 
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Abundance of thin tubular sheet-like algae increased in panels populated by a combination of turfs, 
C. compressa and encrusting corallinales compared to panels populated by all other assemblages 
only when exposed to heating treatment (Table 2, Fig.8). TTS algae were absent from panels 



















































Fig. 3.3.8 Mean percent cover of thin tubular sheet-like algae (+SE, n=40) among panels populated 
by assemblages with different complexity: analysis at time 2 (after 6 months). ECL = low density of 
encrusting corallinales, ECH = high density of encrusting corallinales, Turf = filamentous algae, 
Cys = Cystoseira compressa, CTC = C. compressa, filamentous algae and encrusting corallinales. 
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Percentage cover of coarsely-branched algae was significantly greater in assemblages populated by 
filamentous algae or a combination of turfs, C. compressa and encrusting corallinales compared to 
panels populated by other assemblages (Table 3.3.2, Fig. 3.3.9). 
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Fig. 3.3.9 Mean percent cover of coarsely-branched algae (+SE, n=40) among panels populated by 
assemblages with different complexity: analysis at time 2 (after 6 months). ECL = low density of 
encrusting corallinales, ECH = high density of encrusting corallinales, Turf = filamentous algae, 
Cys = Cystoseira compressa, CTC = C. compressa, filamentous algae and encrusting corallinales. 
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Total cover of algal species significantly increased in panels populated by filamentous algae, 
Cystoseira compressa or a combination of turfs, C. compressa and encrusting corallinales compared 
to panels with encrusting corallinales at low density (Table 3.3.2, Fig. 3.3.10). 
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Fig. 3.3.10 Mean percentage cover of all species (+SE, n=40) among panels populated by 
assemblages with different complexity: analysis at time 2 (after 6 months). ECL = low density of 
encrusting corallinales, ECH = high density of encrusting corallinales, Turf = filamentous algae, 
Cys = Cystoseira compressa, CTC = C. compressa, filamentous algae and encrusting corallinales. 
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Conversely, bare rock showed lower cover in panels populated by encrusting corallinales at high 
density, filamentous algae, Cystoseira compressa or a combination of turfs, C. compressa and 





























Fig. 3.3.11 Mean percent cover of bare rock (+SE, n=40) among panels populated by assemblages 
with different complexity: analysis at time 2 (after 6 months). ECL = low density of encrusting 
corallinales, ECH = high density of encrusting corallinales, Turf = filamentous algae, Cys = 
Cystoseira compressa, CTC = C. compressa, filamentous algae and encrusting corallinales. Letters 
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Richness of the assemblage was greater in panels populated by filamentous algae or a combination 
of turfs, C. compressa and encrusting corallinales compared to panels with encrusting corallinales at 
high and low density (Table 3.3.2, Fig. 3.3.12). 
a





















Fig. 3.3.12 Mean number of taxa (+SE, n=40) among panels populated by assemblages with 
different complexity: analysis at time 2 (after 6 months). ECL = low density of encrusting 
corallinales, ECH = high density of encrusting corallinales, Turf = filamentous algae, Cys = 
Cystoseira compressa, CTC = C. compressa, filamentous algae and encrusting corallinales. Letters 
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3.3.3 Response of assemblage to experimental treatment after 9 months (Time 3) 
 
At the third date of sampling, 9 months since the beginning of the experiment, the number of taxa 
and abundance of unmanipulated species (articulated corallinales, thin tubular sheet-like algae and 
coarsely branched algae) did not show any effect due to experimental heating, nor differed among 
panels populated by assemblages with different complexity (Table 3.3.3). On the contrary, there 
was a significant effect of the Heating x Treatment interaction on the total cover of algal species. 
The percentage cover of bare rock differed between panels populated by assemblages with different 
complexity (Table 3.3.3). Total cover of algal assemblages increased in panels populated by C. 
compressa compared to panels populated by all other assemblages only when not exposed to 
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Fig. 3.3.13 Mean percent cover of all species (+SE, n=40) among panels populated by assemblages 
with different complexity: analysis at time 3 (after 9 months). ECL = low density of encrusting 
corallinales, ECH = high density of encrusting corallinales, Turf = filamentous algae, Cys = 
Cystoseira compressa, CTC = C. compressa, filamentous algae and encrusting corallinales. Letters 
above columns represent significant differences between levels of treatment according to SNK test. 
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Percent cover of bare rock was greater in panels populated by encrusting corallinales at low density 
compared to all other assemblages (Table 3.3.3, Fig. 3.3.14).  
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Fig. 3.3.14 Mean percent cover of bare rock (+SE, n=40) among panels populated by assemblages 
with different complexity: analysis at time 3 (after 9 months). ECL = low density of encrusting 
corallinales, ECH = high density of encrusting corallinales, Turf = filamentous algae, Cys = 
Cystoseira compressa, CTC = C. compressa, filamentous algae and encrusting corallinales. Letters 
above columns represent significant differences between levels of treatment according to SNK test
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Table 3.3.1 ANOVA examining the effects of exposition to heating (He) between panels populated by assemblages with different complexity (Tr)  on 
percentage cover of non-manipulated species (AC = articulated corallinales, TTS = thin tubular sheet-like algae, CB = coarsely- branched algae), bare 
rock, number of taxa (excluding those manipulated) and total cover of algae at time 1, n = 40. Significant effects are reported in bold. 
 AC TTS CB     
Source  df  MS  F  p  MS  F  p  MS  F  p 
He 1 1.27 0.08 0.782 0.37 0.73 0.400 122.82 2.44 0.129 
Tr 4 59.96 3.65 0.015 2.42 4.78 0.004 470.91 9.34 0.0001 
He x Tr 4 6.44 0.39 0.812 0.24 0.47 0.757 30.78 0.61 0.658 
Residual 30 16.43   0.51   50.41 
Transformation  None   Sqrt(x+1)   None 
Cochran‘s test  C=0.263   C=0.305   C=0.357 
 Total cover Bare rock N° Taxa   
Source  df  MS  F  p  MS  F  p  MS  F  p 
He 1 10.01 0.05 0.829 3.53 0.02 0.894 9.03 2.71 0.110 
Tr 4 2972 14.01 0.000 2366 12.10 0.000 19.98 6.01 0.001 
He x Tr 4 65.39 0.31 0.869 59.20 0.30 0.873 3.03 0.91 0.471 
Residual 30 210.70   195   3.33 
Transformation  None   None   None 
Cochran‘s test  C=0.257   C=0.270   C=0.210     
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Table 3.3.2 ANOVA examining the effects of exposition to heating (He) between panels populated by assemblages with different complexity (Tr)  on 
percentage cover of non-manipulated species (AC = articulated corallinales, TTS = thin tubular sheet-like algae, CB = coarsely- branched algae), bare 
rock, number of taxa (excluding those manipulated) and total cover of algae at time 2, n = 40. Significant effects are reported in bold. 
 AC TTS CB     
Source  df  MS  F  p  MS  F  p  MS  F  p 
He 1 0.16 0.40 0.532 18.632 5.77 0.023 0.415 0.23 0.638 
Tr 4 2.98 7.68 0.0002 18.576 5.75 0.001 9.942 5.43 0.002 
He x Tr 4 0.07 0.18 0.948 8.882 2.75 0.046 0.769 0.42 0.793 
Residual 30 0.39   3.229   1.831 
Transformation  Ln(x+1)   None   Sqrt(x+1) 
Cochran‘s test  C=0.328   C=0.305   C=0.326 
 Total cover Bare rock N° Taxa   
Source  df  MS  F  p  MS  F  p  MS  F  p 
He 1 274.94 0.52 0.475 112.46 0.24 0.631 0.63 0.24 0.627 
Tr 4 2234.05 4.24 0.008 1720.72 3.60 0.016 11.90 4.60 0.005 
He x Tr 4 60.86 0.12 0.976 50.36 0.11 0.980 1.94 0.75 0.567 
Residual 30 526.39   477.96   2.59 
Transformation  None   None   None 
Cochran‘s test  C=0.266   C=0.278   C=0.190     
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Table 3.3.3 ANOVA examining the effects of exposition to heating (He) between panels populated by assemblages with different complexity (Tr)  on 
percentage cover of non-manipulated species (AC = articulated corallinales, TTS = thin tubular sheet-like algae, CB = coarsely- branched algae), bare 
rock, number of taxa (excluding those manipulated) and total cover of algae at time 3, n = 40. Significant effects are reported in bold. 
 AC TTS CB     
Source  df  MS  F  p  MS  F  p  MS  F  p 
He 1 155.22 1.08 0.307 3.04 3.15 0.086 1.67 0.36 0.551 
Tr 4 224.89 1.57 0.208 0.58 0.61 0.660 2.60 0.57 0.689 
He x Tr 4 71.18 0.50 0.739 0.35 0.36 0.834 4.00 0.87 0.493 
Residual 30 143.49   0.96   4.60 
Transformation  None   Ln(x+1)   Sqrt(x+1) 
Cochran‘s test  C=0.351   C=0.272   C=0.261 
 Total cover Bare rock N° Taxa   
Source  df  MS  F  p  MS  F  p  MS  F  p 
He 1 62.28 4.92 0.034 5E
-04
 0.000 0.967 0.40 0.32 0.573 
Tr 4 87.89 6.95 0.0004 1.64 5.56 0.002 1.52 1.24 0.316 
He x Tr 4 46.53 3.68 0.015 0.48 1.65 0.188 2.40 1.95 0.128 
Residual 30 12.64   0.29   1.23 
Transformation  None   Sqrt(x+1)   None. p < 0.01 
Cochran‘s test  C=0.266   C=0.184   C=0.459     
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Fig. 3.3.15 Mean percentage cover (+1SE) of encrusting corallines in each level of treatment factor 
where this morphological category is present for all levels of heating factor (A. Heat, B. Control). 
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Fig. 3.3.16  Mean percentage cover (+1SE) of filamentous algae in each level of treatment factor 
where this morphological category is present for all levels of heating factor (A. Heat, B. Control). 
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Fig. 3.3.17  Mean percentage cover (+1SE) of Cystoseira compressa in each level of treatment 
factor where this algae is present for all levels of heating factor (A. Heat, B. Control). 
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3.4 DISCUSSION 
Numerous factors  have been proposed to influence community stability such as productivity (Stone 
et al. 1996), disturbance regime (Guichard et al. 2003), scale effects (Steele 1985, Rahel 1990), and 
diversity whose role has been the most contentious. This experiment suggests that the influence of 
diversity on community dynamics is not simple and will depend on the characteristics of both the 
stress and the species present in the community. In this study variable responses of organisms 
subjected to thermal extreme events were obtained.  
This experiment illustrated several ways in which differences in composition of assemblages can 
modify the proximate effect of a strong perturbation. The higher diversity treatments, especially 
those with canopy forming Cystoseira, were the least affected by the thermal stress; however, the 
structure of high diversity communities with high level of productivity (Naeem et al. 1994, Tilman 
et al. 1996, Hector et al. 1999), is believed to be more affected by given stress. These results are 
similar to those obtained in grassland experiments (Tilman and Downing 1994, Pfisterer and 
Schmid 2002) where plots with the highest biomass were the most affected by an extensive drought. 
Conversely, Tilman and Downing (1994) suggest that high biomass treatments were the low-
diversity treatments and low-diversity treatments were the most severely affected. However, if a 
stress affects all species in similar ways, diversity should be expected to have little influence. 
Although the morphology of the manipulated species in this community varied widely, the intensity 
of this thermal stress overwhelmed these differences such that no species was proportionately less 
affected. The selectivity of a stress will depend at least on the magnitude and type of the disturbing 
force and the characteristics of the species (Sousa 1985), with greater forces more likely to 
overwhelm species characteristics. 
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The variability among treatments was found in almost all the analyses conducted, while effects of 
heating have resulted significant only for thin tubular sheet algae at Time 3. This probably reflected  
the fact that effects of heating act on physiology of organisms much more than on their abundance. 
Articulated corallinales showed greater abundance in assemblages with Cystoseira compressa 
compared to panels with high density of encrusting corallinales (Table 3.3.1, Fig.3.3.1) at Time 1. 
This taxon was completely absent from panels with low density of encrusting corallinales. These 
patterns were interpreted in terms of limited dispersal capabilities of Corallina from the main 
source of propagules in the shallow subtidal zone. Physiological stress, however, cannot be 
eliminated as a possible explanation for the lack of articulate coralline algae from panels with low 
density of encrusting corallinales. At Time 2, however, the abundance of articulate coralline in 
assemblages with Cystoseira compressa decreases compared to Time 1.  Similar patterns was 
observed for thin tubular sheet-like algae at Time 1 and for of coarsely-branched algae at Time 2. 
This is probably due to the fact that Cystoseira is a major competitor for space in intertidal rocky 
shore. Canopy algae are characteristic of low-shore habitats on some rocky coasts in the 
Mediterranean. These algae are considered important habitat formers (or ecological engineers, 
sensu Jones et al. 1994), providing shade and shelter for a diversified assemblage of animals and 
plants (Feldmann 1937, Boudouresque 1971). Cystoseira compressa had short fronds, so the 
understory environment was limited compared to that provided by other congeneric species with 
larger fronds (Benedetti-Cecchi et al. 2001, Bulleri et al. 2002). Hence, negative effects due to pre-
emption of the substratum may have outweighed the positive effects due to the provision of an 
understory environment. Similarly, the effects of mussels in competitively excluding other 
invertebrates or macroalgae are well documented (Paine 1966, Dayton 1971, Menge 1976, Paine 
1984, Enderlein & Wahl 2004, Miyamoto & Noda 2004), but much less is known about how small-
canopy algae like Cystoseira compressa interact with other species. In terrestrial habitats, the 
balance of facilitation and competition is known to vary with the life stage and physiology of 
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interacting species and with indirect interactions with other organisms (Walker & Vitousek 1991, 
Chapin et al. 1994, Miller 1994, Callaway et al. 1996). In the aquatic realm, switches from positive 
to negative effects have been observed along environmental gradients of stress (Bruno et al. 2003), 
and with different canopy- forming species, along vertical gradients (Hawkins 1983, Jenkins et al. 
1999).  
However, the dependence of recovery on the presence of the species within the experimental plot 
suggests either a dependence on very close propagule sources or some facilitation of recruitment 
(Sousa 1985). Sousa (1984) found similar dynamics for algal succession in patches made in mussel 
beds and also research in rocky shore communities (Farrell 1989, Kim and DeWreede 1996) has 
suggested similar, highly local recruitment dynamics (but see Menge et al. 1993 for low zone 
dynamics). These results imply that even local species reductions may lead to dynamics dependent 
on which species remain.   
Total cover of assemblages and richness of species are more abundant in panels populated by 
filamentous algae, Cystoseira compressa or a combination of turfs, C. compressa and encrusting 
corallinales compared to panels with encrusting corallinales at low and high density, both at Time 1 
and Time 2. Presence of canopy algae increases the complexity of assemblages and may have had 
facilitating effects on settlement. Individual ﬁlamentous algae such as Polysiphonia and Ceramium 
may have had facilitating effects on settlement of late successional organisms, as shown for mussel 
larvae (Bayne 1965). Similarly, encrusting coralline algae may have fostered succession by 
enhancing settlement and recruitment of later colonists through provision of a structurally simple 
habitat. 
Many studies have shown that grazing can have a great impact on succession of algae and  
invertebrates in rocky intertidal habitats, either hindering or enhancing recovery (Sousa 1979, 1984, 
Farrell 1991, Benedetti-Cecchi 2000). The small size of limpets and the scarcity of other grazers on 
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experimental panels suggested that grazing was probably of limited importance in this study. 
Indeed, limpet densities on experimental panels were very similar to those observed in clearings 
produced in the surrounding habitat, where they did not prevent ﬁlamentous algae from attaining 
high percent cover values. 
This result has broad theoretical and empirical implications because patterns of diversity are 
commonly explained in relation to changes in either mean intensity of disturbance (Connell  1978, 
Mackey and Currie 2001) or as a function of frequency of disturbance (Miller 1982, Collins 2000, 
McCabe and Gotelli 2000), which combines both intensity and temporal variance (Benedetti-Cecchi 
2003). The ability to resist and to recover from disturbances are key traits that determine the extent 
to which populations can track environmental change under various levels of mean intensity of 
perturbations. These considerations have important implications for our ability to investigate 
ecological responses to climate change. Although most studies have focused on changes in mean 
levels of climatic factors (Kappelle et al. 1999, Hughes 2000, Walther et al. 2002), numerical 
models generally predict shifts in both the mean and in temporal variance of climate variables 
(Allen et al. 2000, Benestad 2003). Predicting the ecological consequences of these shifts should 









EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
LITERATURE CITATED 
Airoldi L., 1998. Roles of disturbance, sediment stress, and substratum retention on spatial 
dominance in algal turf. Ecology 79, 2759-2770. 
Allen, M. R., P. A. Stott, J. F. B. Mitchell, R. Schnur, and T. L. Delworth. 2000. Quantifying 
the uncertainty in forecast of anthropogenic climate change. Nature 407:617–620. 
Allison S. K., 1995. Recovery from small-scale anthropogenic disturbances by northern 
California salt marsh plant assemblages. Ecological Applications 5, 693-702. 
Allison G. (2004). the influence of species diversity and stress intensity on community 
resistance and resilience. Ecological Monographs, 74, 117-134. 
Anderson M. J., 2001. A new method for non-parametric multivariate analysis of variance. 
Australian Journal of Ecology 26, 32-46. 
Bak P., 1996. How nature works. Library of Congress Cataloging. Pubblished in the United 
States by Copernicus an imprint of Springer- Verlag New York.  
Bak P., Pakzuski M., 1999. Self-Organization of Complex Systems. Houston University Press. 
Ballesteros E., 1991. Structures and dynamics of North-Western Mediterranean phytobentic 
communities: a conceptual model. Oecologia Aquatica 10, 223-242. 
Ballesteros  E., Sala E., Garrabou J., Zabala M., 1998. Community structure and frond size 
distribution of a deep water stand of Cystoseira spinosa (Phaeophyta) in the Northwestern 
Mediterranean. European Journal of Phycology 33, 121-128. 
Bekker M. F., 2005. Positive feedback between tree establishment and patterns of subalpine 
forest advancement, Glacier National Park, Montana, USA. Arct. Antarct. Alp. Res. 37, 97-107. 
94 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Bellan-Santini D., 1968. Conclusion d‘un étude quantitative dans la biocénose des algues 
photophyles en Méditerranée sur le côtes de Provence. Marine Biology 1, 250-256. 
Bellgrove A., Clayton M. N., Quinn G. P., 2004. An integrated study of the temporal and spatial 
varaition in the supply of propagules, recruitment and assemblages of intertidal macroalgae on a 
wave-exposed rocky coast, Victoria, Australia. J. Exp. Mar. Biol. Ecol. 310, 207-225.  
Belsky A. J., 1994. Influences of trees on savanna productivity – Tests of shade, nutrients, and  
tree-grass competition. Ecology, 75, 922-932. 
Benestad, R. E. 2003. What can present climate models tell us about climate change? Climatic 
Change 59:311–331. 
Benedetti-Cecchi L., Cinelli F., 1992. Effects of canopy cover, herbivores and substratum type 
on patterns of Cystoseira spp. Settlement and recruitment in litoral rockpools. Marine Ecology 
Progress Series 90, 183-191. 
Benedetti-Cecchi L., Cinelli F., 1993. Early patterns of algal succession in a midlitoral 
community of the Mediterranean sea: a multifactorial experiment. J. Exp. Mar. Biol. Ecol. 169, 
15-31. 
Benedetti-Cecchi L., Cinelli F., 1997. Spatial distribution of algae and invertebrates in the rocky 
intertidal zone of the Strait of Magellan: are patterns general? Polar. Biol. Ecol. 18, 337-343. 
Benedetti-Cecchi L., Bulleri F., Cinelli F., 1999. The interplay of physical and biological factors 
in maintaining mid-shore and low-shore assemblages on rocky coasts in the north-west 
Mediterranean. Oecologia 123, 406-417. 




EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Benedetti-Cecchi L., 2001. Variability in abundance of algae and invertebrates at different 
spatial scales on rocky sea shores. Marine Ecology Progress Series 215, 79-92. 
Benedetti-Cecchi L., Pannacciulli F., Bulleri F., Moschella P. S., Airoldi L., Relini G.,Cinelli F., 
2001. Predicting the consequences of anthropogenic disturbance: largescale effects of loss of 
canopy algae on rocky shores. Marine Ecology Progress Series 214, 137-150. 
Benedetti-Cecchi, L. 2000a. Variance in ecological consumer-resource interactions. Nature 
407:370–374. 
Benedetti-Cecchi, L. 2003. The importance of the variance around the mean effect size of 
ecological processes. Ecology 84:2335–2346. 
Benedetti-Cecchi L, Bertocci I, Vaselli S, Maggi E (2006). Temporal variance reverses the 
ecological impact of high mean intensity of stress in climate change experiments. Ecology 
87:2489–2499. 
Beniston, M., 2004. The 2003 heat wave in Europe: a shape of things to come? Geophys. Res. 
Lett. 31, L02022. 
Beniston, M., Jungo, P., 2002. Shifts in the distributions of pressure,temperature and moisture in 
the alpine region in response to the behavior of the North Atlantic Oscillation. Theor. Appl. 
Climatol. 71, 29–42. 
Beniston, M., Diaz, H.F., 2004. The 2003 heat wave as an example of summers in a greenhouse 
climate? Observations and climate model simulations for Basel, Switzerland. Global and 
Planetary Change 44, 73–81. 
Bertness, M. D., and E. Grosholz. 1985. Population dynamics of the ribbed mussel, Geukensia 
demissa: the costs and benefits of a clumped distribution. Oecologia (Berlin) 67:192–204. 
96 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Bertness M. D., Gaines S. D., Yeh S. M., 1998. Ecology, 79, 1382. 
Bertness MD, Leonard GH, Levine JM, Bruno JF (1999). Climate-driven interactions among 
rocky intertidal organisms caught between a rock and a hot place. Oecologia 120:446–450 
Bertocci I, Maggi E, Vaselli S, Benedetti-Cecchi L (2005). Contrasting effects of mean intensity 
and temporal variation of disturbance on assemblages of rocky shores. Ecology 86: 2061–2067. 
Bertocci I, Maggi E, Vaselli S, Benedetti-Cecchi L (2007). Changes in temporal variance of 
rocky shore organism abundances in response to manipulation of mean intensity and temporal 
variability of aerial exposure. Marine Ecology Progress Series, 338: 11-20. 
Bertocci I, Maggi E, Vaselli S, Benedetti-Cecchi L (2010). Resistance of rocky shore 
assemblages of algae and invertebrates to changes in intensity and temporal variability of aerial 
exposure. Marine Ecology Progress Series, 400:75-86. 
Bulleri F., Benedetti-Cecchi L., Acunto S., Cinelli F., Hawkins S. J., 2002. The influence of 
canopy algae on vertical patterns of distribution of low-shore assemblages on rocky coasts in the 
northwest Mediterranean. Journal of Experimental Marine Biology and Ecology 267, 89-106. 
Caley, M. J., M. H. Carr, M. A. Hixon, T. P. Hughes, G. P. Jones, and B. A. Menge. 1996. 
Recruitment and the local dynamics of open marine populations. Annual Review of Ecology 
and Systematics 27:477–500. 
Camazine S., 2001. Self-organizing Systems. Boalsburg, Pennsylvania (Usa) Press. 
Camazine S., Deneubourg J.L., Franks N.R., Sneyd J., Theraulaz G., Bonabeau E., 2001. Self-
Organization in Biological Systems. Princeton University Press. 
97 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Chapin III F. S., E. S. Zavaleta, V. T. Eviner, R. L. Naylor, P. M. Vitousek, H. L. Reynolds, D. 
U. Hooper, S. Lavorel, O. E. Sala, S. E. Hobbie, M. C. Mack & S. Díaz (2000). Consequences 
of changing biodiversità. Nature, 405:234-242. 
Christensen, K. et al. (1993) Self-organized critical forest-fire model: mean-field theory and 
simulation results in 1 to 6 dimensions. Phys.Rev. Lett. 71, 2737–2740 
Clar, S. et al. (1999) Self-organized criticality in forest-fire models. Phys. A 266, 153–159 
Clar, S. et al. (1997) Phase transitions in a forest-fire model. Phys. Rev. E 55, 2174–2183 
Clark G.F. and  Johnston E.L. (2009). Propagule pressure and disturbance interact to overcome 
biotic resistance of marine invertebrate communities. OIKOS, 118(11): 1679-1686. 
Collins, S. L. 2000. Disturbance frequency and community stability in native tallgrass prairie. 
American Naturalist 155:311–325. 
Connel J. (1972). Community interactions on marine rocky intertidal shores. Annu. Rev. Ecol. 
Syst. 3:169-192. 
Connel J. (1975). Some mechanisms producing structure in natural communities: a model and  
evidence from field experiments. Ecology and evolution of communities. Harvard Univ. Press,  
Cambridge, Mass., pp. 460-490. 
Connell, J. H. 1978. Diversity in tropical rain forests and coral reefs. Science 199:1302-1310. 
Connell, J. H., Keough, M. J. (1984). Disturbance and patch dynamics of sub-tidal marine 
animals on hard substrates. See Ref. 162 
98 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Dayton, P. K. 1971. Competition, disturbance, and community organization: the provision and 
subsequent utilization of space in a rocky intertidal community. Ecological Monographs 
41:351–389. 
Death, R. G. & M. J. Winterbourn, 1995. Diversity patterns in stream benthic invertebrate 
communities: the influence of habitat stability. Ecology 76: 1446–1460. 
Denny Mark W., Luke J. H. Hunt, Luke P. Miller, Christopher D. G. Harley. (2009) On the 
prediction of extreme ecological events. Ecological Monographs 79:3, 397-421. 
Denny, M., and S. Gaines. 2000. Chance in biology: using probability to explore nature. 
Princeton University Press, Princeton, New Jersey, USA. 
Dethier M. N., Graham E. S., Cohen S., Tear L. M., 1993. Visual versus random-point percent 
cover estimations: "obiective" is not always better. Marine Ecology Progress, Series 96, 93-100. 
Dethier M.N. (1984). Disturbance and recovery in intertidal pools: maintenance of mosaic 
patterns. Ecological Monographs 54(1): 99-118. 
Dethier MN, Williams SL, Freeman A (2005) Seaweeds under stress: manipulated stress and 
herbivory affect critical lifehistory functions. Ecol Monogr 75:403–418. 
Drossel, B. and Schwabl, F. (1992) Self-organized critical forest-fire model. Phys. Rev. Lett. 69, 
1629–1632 
Easterling, D. R., J. L. Evans, P. Ya. Groisman, T. R. Karl, K. E. Kunkel, and P. Ambenje, 
2000:  Observed variability and trends in extreme climate events: A brief review. Bull. Amer. 
Meteor. Soc., 81, 417–425. 
99 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Easterling, D. R., J. L. Evans, P. Ya. Groisman, T. R. Karl, K. E. Kunkel, and P. Ambenje. 
2000a. Observed variability and trends in extreme climate events: a brief review. Bulletin of the 
American Meteorological Society 81:417–425. 
Easterling, D. R., G. A. Meehl, C. Parmesan, S. A. Changnon, T. R. Karl, and L. O. Mearns. 
2000b. Climate extremes: observations, modeling, and impacts. Science 289:2068–2074. 
Fischer AG (1960) Latitudinal variations in organic diversity. Evolution, 14, 64–81. 
Folland, C. K. & Karl, T. R. 2001 Observed climate variability and change. In Climate change 
2001:  the scientific basis (ed. J. T. Houghton, Y. Ding, D. J. Griggs, M. oguer, P. J. van der 
Linden, X. Dai, K. Maskell & C. A. Johnson), pp. 99–181. Cambridge: Cambridge University 
Press. 
Gaines, S.D. & Denny, M.W. (1993) The largest, smallest, highest, lowest, longest and shortest: 
extremes in ecology. Ecology, 74, 1677–1692. 
García Molinos J, Donohue I (2009) Differential contribution of concentration and exposure 
time to sediment dose effects on stream biota. J N Am Benthol Soc 28:110–121 
García Molinos J, Donohue I (2010). Interactions among temporal patterns determine the effects 
of multiple stressors. Ecol Appl 20:1794–1800. 
Gilleland E and RW Katz, 2006. Analyzing seasonal to interannual extreme weather and climate 
variability with the extremes toolkit (extRemes), 18th Conference on Climate Variability and 
Change, 86th American Meteorological Society (AMS) Annual Meeting, 29 January - 2 
February, 2006, Atlanta, Georgia. 
100 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Gilman S.E., Wethey S. and Helmuth B. (2006). Variation in the sensitivity of organismal body 
temperature to climate change over local and  geographic scales. Proceedings of the National 
Academy of Sciences 103(25): 9560–9565. 
Grime, J. P., V. K. Brown, K. Thompson, G. J. Masters, S. H. Hillier, I. P. Clarke, A. P. Askew, 
D. Corker, and J. P. Kielty. 2000. The response of two contrasting limestone grasslands to 
simulated climate change. Science 289:762–765. 
Guichard et al. (2003) Mussel disturbance dynamics: signatures of oceanographic forcing from 
local interactions. Am. Nat. 161, 889–904. 
Harley CDG (2003) Abiotic stress and herbivory interact to set range limits across a two-
dimensional stress gradient. Ecology 84:1477–1488. 
Harley C.D.G., Hughes A.R., Hultgren K.M., Miner B.G., Sorte C.J.B., Thornber C.S., 
Rodriguez L.F., Tomanek L., Williams S.L. 2006. The impacts of climate change in coastal 
marine systems. Ecology Letters 9: 228–241. 
Hassell, M.P. et al. (1991) Spatial structure and chaos in insect population-dynamics. Nature 
353, 255–258. 
Hawkins, S. J. et al. 2009. Consequences of climate-driven biodiversity changes for ecosystem 
functioning of North European rocky shores. – Mar. Ecol. Prog. Ser. 396: 245 – 259. 
Helmuth, B ., CDG Harley, P. Halpin, M. O'Donnell, GE Hofmann and C. Blanchette. 2002. 
Climate change and latitudinal patterns of intertidal thermal stress. Science 298:1015-1017. 
Helmuth, B. , JG Kingsolver and E. Carrington. 2005 . Biophysics, physiological ecology, and 
climate change: Does mechanism matter? Ann. Rev. Physiol ., 67: 177-201. 
101 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Helmuth, B. , N. Mieszkowska, P. Moore and SJ Hawkins. 2006. Living on the edge of two 
changing worlds: forecasting the responses of rocky intertidal ecosystems to climate change. 
Ann. Rev. Ecol. Evol. Syst. 37: 373-404. 
Heylighen F., 2008. Complexity and Self-organization. Encyclopedia of Library and 
Information Sciences. 
Heylighen F., 2008. The science of self-organization and adaptivity. Center ―Leo Apostel‖, 
Belgium. Free University of Brussels Press. 
Hoegh-Guldberg O. and Pearse J.S. (1995). Temperature, Food Availability, and the 
Development of Marine Invertebrate Larvae. Amer. Zool. 35 (4): 415-425. 
Holling, C.S. and Gunderson,L.H. (2002) Resilience and adaptive cycles. In Panarchy 
(Gunderson, L.H. and Holling, C.S. eds), pp. 25–62, Island Books 
Hubbell, S.P. (2001). A Unified Neutral Theory of Biodiversity and Biogeography. Princeton 
University Press, Princeton, NJ. 
Hughes, L. 2000. Biological consequences of global warming: is the signal already apparent? 
Trends in Ecology and Evolution 15:56–61. 
Huston M.A. (1979) A general hypothesis of species diversity. American Naturalist 113:81-101. 
Huston M.A.(1994) Biological diversity: The coexistence of species on changing landscapes. 
Cambridge University Press, Cambridge. 
Huxham, M., I. Roberts, and J. Bremner. 2000. A field test of the intermediate disturbance  
hypothesis in the soft-bottom intertidal. International Review of Hydrobiology 8: 379–394. 
102 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Hutchinson, G. E. (1961). The paradox of the plankton. Am. Nat. 95: 137-147. 
IPCC [Intergovernmental Panel on Climate Change]. 2007. Climate change 2007: the physical 
science basis. Cambridge University Press, Cambridge, UK. 
Katori, M. (1998) Forest dynamics with canopy gap expansion and stochastic Ising model. 
Fractals 6, 81–86 
Katz, R. W. 2002a. Techniques for estimating uncertainty in climate change scenarios and 
impact studies. Climate Re-search 20:167-185. 
Katz, R. W. 2002b. Stochastic modeling of hurricane damage. Journal of Applied Meteorology 
41:754-762.  
Katz, R. W., M. B. Parlange, and P. Naveau. 2002. Statistics of extremes in hydrology. 
Advances in Water Resources 25:1287-1304. 
Kizaki, S. and Katori, M. (1999) Analysis of canopy-gap structures of forests by Ising–Gibbs 
states – Equilibrium and scaling property of real forests. J. Phys. Soc. Jpn 68, 2553–2560. 
Kizaki S., Katori M., 2007. Positive feedbacks promote power-law clustering of Kalahari 
vegetation. Nature 449, 209-212.  
Keough M.J. (1984). Effects of patch size on the abundance of sessile marine invertebrates. 
Ecology 65(2): 423-437. 
Levin S.A. and Paine R.T. (1974). Disturbance, patch formation and community structure. Proc. 
Nat. Acad. Sci. U.S.A. 71, 2744-2747. 
103 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Levin, S.A. and Segel, L.A. (1985) Pattern generation in space and aspect. SIAM Rev. 27, 45–
67. 
Levin S. A., 1992. The problem of pattern and scale in ecology. Ecology, 73, 1943-1967. 
Levin S.A., Durrett R., 1996. From individuals to epidemics. Philos. Trans. R. Soc. Lond. B 
351, 1615-1621. 
Lubchenco, J. 1978. Plant species diversity in a marine intertidal community: importance of 
herbivore food preference and algal competitive abilities. Am. Nat. 112: 23-39. 
Lubchenco, J. 1998. Entering the century of the environment: A new social contract for science. 
Science 279:491–497. CrossRef, CSA 
Mackey R.L. and Currie D.J. (2001). The diversity-disturbance relationship: is it generally 
strong and peaked? Ecology, 82(12): 3479–3492. 
Malamud, B.D. et al. (1998) Forest fires: an example of self-organized critical behavior. Science 
281, 1840–1842. 
McCabe, D. J., and N. J. Gotelli. 2000. Effects of disturbance frequency, intensity, and area on 
assemblages of stream invertebrates. Oecologia 124:270–279. 
Meehl, G. A. and Tebaldi, C. 2004. More intense, more frequent and longer lasting heat waves 
in the 21st century. – Science 305: 994 – 997. 
Meehl, G. A. et al. 2007. Global climate projections. – In: Solomon, S. et al. (eds), Climate 
change 2007: the physical science basis. Contribution of Working Group I to the 4th 
Assessment Rep. of the Intergovernmental Panel on Climate Change. Cambridge Univ. Press, 
pp. 747 – 845. 
104 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Menconi, M., L. Benedetti–Cecchi, and F. Cinelli. 1999. Spatial and temporal variability in the 
distribution of algae and invertebrates on rocky shores in the northwest Mediterranean. Journal 
of Experimental Marine Biology and Ecology 233:1–23. 
Menge B., Sutherland J.P. (1987). Community Regulation: Variation in Disturbance, 
Competition, and Predation in Relation to Environmental Stress and Recruitment. The 
American Naturalist 130(5): 730-757. 
Menge, B. A., E. L. Berlow, C. A. Blanchette, S. A. Navarrete, and S. B. Yamada. 1994. The 
keystone species concept: variation in interaction strength in a rocky intertidal habitat. 
Ecological  Monographs 64:249–286. 
Min S-K, X. Zhang, F.W. Zwiers and G.C. Hegerl, 2011. Human contribution to more-intense 
precipitation extremes. Nature 470: 378-381. 
Navarrete, S. A. 1996. Variable predation: effects of whelks on a mid-intertidal successional 
community. Ecological Monographs 66:301–321. 
Oliveira J P, I Bertocci, G M Weber, I Sousa-Pinto (2011).  Type and timing of disturbance 
modify trajectories of recovery of rockpool assemblages at Aguda (NW Portugal). Journal of 
experimental Marine Biology and Ecology, 339: 135-141. 
Paine, R. T. 1966. Food web complexity and species diversity. Amer. Natur. 100:65-75. 
Paine R. T., 1974. Intertidal community structure: experimental studies on the relationship 
between a dominant competitor and its principal predator. Oecologia 15, 93-120. 
Paine R. T., 1994. Marine rocky shores and community ecology: an experimentalist‘s 
perspective. Ecology Institute, Olendorf, Germany. 
105 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Paine, R., and S. A. Levin. 1981. Intertidal landscapes: disturbance and the dynamics of pattern. 
Ecological Monographs 51:145-178. 
Pascual and Guichard (2005) Criticality and disturbance in spatial ecological systems. Trends 
Ecol. Evol. 20, 88–95. 
Petraitis, P. S., R. E. Latham, and R. A. Niesenbaum. 1989. The maintenance of species 
diversity by disturbance. Quarterly Review of Biology 64:393–418. 
Pickett, S. T. A., and P. S. White. 1985. The ecology of natural disturbance and patch dynamics. 
Academic Press, London, UK. 
Pickett STA, White PS (1985) Patch dynamics: a synthesis. In: Pickett STA, White PS (eds) 
The ecology of natural disturbance and patch dynamics. Academic Press, London, 3–13 
Rashit, E., and M. Bazin. 1987. Environmental fluctuations, productivity, and species diversity: 
an experimental study. Microbial Ecology 14:101–112. 
Reice S.R. (1984). The impact of disturbance frequency on the structure of a lotic riffle 
community. Verhandlungen der Internationalen Vereinigung fiir Theoretische und Angewandte 
Limnologie 22:1906-1910. 
Reice S.R. (1985). Experimental disturbance and the maintenance of species diversity in a 
stream community. Oecologia 67:90-97. 
Rhodes, C.J. and Anderson, R.M. (1996) Power laws governing epidemics in isolated 
populations. Nature 381, 600–602. 
Robinson, J. V., and C. D. Sandgren. 1983. The effect of temporal environmental heterogeneity 
on community structure: a replicated experimental study. Oecologia (Berlin) 56:98-102. 
106 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Robinson C.T., And G. W. Minshall. (1986). Effects of disturbance frequency on stream benthic 
community structure in relation to canopy cover and season. Journal of the North American 
Benthological Society 5:237-248. 
Robles, C. and Desharnais, R. (2002) History and current development of a paradigm of 
predation in rocky intertidal communities. Ecology 83, 1521–1536 
Rohani, P. et al. (1997) Spatial self-organization in ecology: pretty patterns or robust reality? 
Trends Ecol. Evol. 12, 70–74. 
Sanford E. (1999). Regulation of keystone predation by small changes in ocean temperature. 
Science 283:2095–2097. 
Sanford E. (2002). Water temperature, predation, and the neglected role of physiological rate 
effects in rocky intertidal communities. Integrative and comparative biology, 42(4): 881-891. 
Sagarin, R. D., Barry, J. P., Gilman, S. E. (1999). Climate related changes in an intertidal 
community over short and long time scales. Ecol. Monogr 69: 465-490. 
Scheffer, M. and Carpenter, S.R. (2003) Catastrophic regime shifts in ecosystems: linking 
theory to observation. Trends Ecol. Evol. 18, 648–656. 
Schratzberger M. and Warwick R.M. (1999). Differential effects of various types of 
disturbances on the structure of nematode assemblages: an experimental approach. Marine 
Ecology Progress Series, 181:227-236. 
Shumway, S. W., and M. D. Bertness. 1994. Patch size effects on marsh plant secondary 
succession mechanisms. Ecology 75:564–568. 
107 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Sole, R.V. and Bascompte, J. (2006) Self-Organization in Complex Ecosystems, Princeton 
University Press. 
Sole´, R.V. and Manrubia, S.C. (1995) Are rainforests self-organized in a critical state? J. 
Theor. Biol. 173, 31–40. 
Somero G.N. (2002). Thermal Physiology and Vertical Zonation of Intertidal Animals: Optima, 
Limits, and Costs of Living. Integr. Comp. Biol., 42 (4): 780-789. 
Somero G.N. (2005). Linking biogeography to physiology: Evolutionary and acclamatory 
adjustments of thermal limits. Frontiers in zoology Frontiers in Zoology, 2:1. 
Sousa, W.P. (1979) Disturbance in marine intertidal boulder fields: the nonequilibrium 
maintenance of species diversity. Ecology 60, 1225–1239. 
Sousa, W. P. 1984. The role of disturbance in natural communities. Annual Review of Ecology 
and Systematics 15: 353–391. 
Sousa, W. P. 2001. Natural disturbance and the dynamics of marine benthic communities. Pages 
85–130 in M. D. Bertness, S. D. Gaines, and M. E. Hay, editors. Marine community ecology. 
Sinauer Associates, Sunderland, Massachusetts, USA. 
Stachowicz, J. J., J. R. Terwin, R. B. Whitlatch, and R. W. Osman. 2002. Linking climate 
change and biological invasions: ocean warming facilitates nonindigenous species invasions. 
Proceedings of the National Academy of Sciences USA 99:15497–15500. 
Stachowicz, J. J., R. B. Whitlach, and R. W. Osman. 1999. Species diversity and invasion 
resistance in a marine ecosystem. Science 286:1577–1579.Steneck, R. S., Dethier M. N., 1994. 
108 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
A functional group approach to the structure of algaldominated communities. Oikos 69, 476-
498. 
Stollenwerk, N. and Jansen, V.A.A. (2003) Meningitis, pathogenicity near criticality: the 
epidemiology of meningococcal disease as a model for accidental pathogens. J. Theor. Biol. 
222, 347–359. 
Tilman, D., and J. A. Downing. 1994. Biodiversity and stability in grasslands. Nature 367:363–
365. 
Tilman, D., J. Knops, D. Wedin, and P. Reich. 2001. Experimental and observational studies of 
diversity, productivity, and stability. Pages 42–70 in A. P. Kinzig, S. Pacala, and D. Tilman, 
editors. The functional consequences of biodiversity: empirical progress and theoretical 
extensions. Princeton University Press, Princeton, New Jersey, USA. 
Tilman, D., C. L. Lehman, and K. T. Thomson. 1997. Plant diversity and ecosystem 
productivity: theoretical considerations. Proceedings of the National Academy of Science 
(USA) 94:1857–1861. 
Tilman, D., D. Wedin, and J. Knops. 1996. Productivity and sustainability influenced by 
biodiversity in grassland ecosystems. Nature 379:718–720. 
Tomanek L. and Sanford E (2003). Heat-Shock Protein 70 (Hsp70) as a Biochemical Stress 
Indicator: an Experimental Field Test in Two Congeneric Intertidal Gastropods (Genus: 
Tegula). Biological Bulletin 205 (3):276-284. 
Underwood A. J., 1985. Physical factors and biological interactions: the necessity and nature of 
ecological experiments. In: Moore PG, Seed R (eds) The ecology of rocky coasts. Hodder & 
Stoughton, London, p 372-390. 
109 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Underwood A. J., Chapman M. G., 1996. Scales of spatial patterns of distribution of intertidal 
invertebrates. Oecologia, 107, 212-224.  
Underwood A. J., 1997. Experiments in Ecology: Their Logical Design and Interpretation Using 
Analysis of Variance. Cambridge; University Press: Cambridge: pp. 504.  
Underwood A. J. e M. G. Chapman, 1998. Spatial analyses of intertidal assemblages on 
sheltered rocky shores. Austr. J. Ecol. 23, 138-157. 
Underwood A. J, 1998. Grazing and disturbance: an experimental analysis of patchiness in 
recovery from a severe storm by the intertidal alga Hormosira banksii on rocky shores in New 
South Wales. Journal of Experimental Marine Biology and Ecology 231, 291-306. 
Underwood A. J., 1999. Physical disturbances and their direct effect on an indirect effect: 
responses of an intertidal assemblage to a severe storm. Journal of experimental marine ecology 
and biology 232, 125-140. 
Van de Koppel J., Rietkerk M., Dankers N., Herman P. M. J., 2005.Scale-dependent feedback 
and regular spatial patterns in young mussel beds.  Am. Nat. 165, E66-E67. 
Van de Koppel J., Crain C. M., 2006. Am. Nat. 168, E136. 
Van de Koppel J., Gascoigne J. C., Theraulaz G., Rietkerk M., Mooij W. M., Herman P. M.J., 
2008. Experimental evidence for Self-Organization and its emergent effects in mussel bed 
ecosystems. Science, Vol. 322. 
Walther G., E. Post, P. Convey, A. Menzel, C. Parmesan, T. J. C. Beebee, J. Fromentin, O 




EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Wethey D. S., 2002. Biogeography, competition, and microclimate: the barnacle Chthamalus 
fragilis in New England. Integrative and Comparative Biology 42: 872–880. 
White, P.S. & Jentsch, A. 2001. The search for generality in studies of disturbance and 
ecosystems dynamics. Progress in Botany 62: 399–449. 
Widdicombe, S., and M. C. Austen. 2001. The interaction between physical disturbance and 
organic enrichment: an important element in structuring benthic communities. Limnology and 
Oceanography 46:1720–1733. 
Wissel, C. (2000) Grid-based models as tools for ecological research. In  The Geometry of 
Ecological Interactions: Simplifying Spatial Complexity (Dieckmann, U. et al., eds), pp. 94–
115, Cambridge University Press. 
Waldrop, M. M. 1992. Complexity: the emerging science at the Edge of Order and Chaos. 
London: Viking. 
Wiens J. A., 1989. Spatial scaling in ecology. Functional ecology. 3(4), 385-397. 
Wiens J. A., Stenseth N. C., Van Horne B., Ims R. A., 1993. Ecological mechanisms and 
landscape ecology. Oikos, 66, 369-380. 
Wootton T. J., 2001. Local interactions predict large-scale pattern in empirically derived cellular 
automata. Nature, Vol. 413. 
Worm B., Lotze H. K., Engkvist R., Labanauskas V., Sommer U., 1999. Marine iversity shift 
linked to interactions among grazers, nutrients and propagule banks. Marine Ecology Progress 
Series 185, 309-314. 
111 
Vincenzo Gennusa 
EXTREME EVENTS OF DISTURBANCE LIKE A STRUCTURAL FACTORS OF ASSEMBLAGES ON ROCKY SHORES  
PhD Thesis in Environmental Biology – University of Sassari, 2011 – XXIV cycle 
Worm B., Lotze H. K., Sommer U., 2000. Coastal food web structure, carbon storage, and 
nitrogen retention regulated by consumer pressure and nutrient loading. Limnology and 
Oceanography 45, 339-349. 
Worm, B., Lotze, H.K., Hillebrand, H., Sommer, U. (2002). Consumer versus resource control 
of species diversity and ecosystem functioning. Nature 417, 848–851. 
Zhang, K., Douglas, B.C. & Leatherman, S.P. (2004) Global warming and coastal erosion. 
Climate Change, 64, 41–58. 
Zavaleta ES, Shaw MR, Chiariello NR, Mooney HA, Field CB (2003). Additive effects of 
simulated  climate changes, elevated CO2, and nitrogen deposition on grassland diversity. Proc 
Nat Acad Sci 100:7650–7654. 
 
 
 
 
